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Abstract
ABSTRACT
In-process tool wear monitoring has become an important aspect of modem automated 
manufacturing system. One of the important area of research in the tool wear monitoring 
system is the application of artificial intelligent techniques for sensor fusion strategy and 
rational decision making for tool and process conditions. Considerable work has been 
attempted by many previous authors to develop this technique. However many of these 
monitoring systems did not adequately give the desired information regarding to the 
cutting process condition, due to insufficient sensor information and the complex nature 
of the cutting process itself.
In this research, a multisensor or sensor fusion approach has been used to integrate the 
acoustic emission (AE) and forces signals from the cutting process, in order to estimate 
the tool and cutting condition. Signal processing techniques including spectrum density 
analysis (FFT) and time series were employed to extract additional information from the 
signals. These signal features along with cutting parameters were then used to estimate 
the tool flank wear, crater wear and workpiece surface roughness by using an artificial 
intelligent neural network.
In order to verify the neural network models for monitoring the tool wear, oblique cutting 
tests were conducted on the CNC lathe. The relations between the AErms, forces, cutting 
parameters, the degree of tool wear and surface roughness of the workpiece are 
presented. Various neural network models, which include normal Backpropagation with 
standard learning rule, Kohonen Self Organising Map (KSOM) and Backpropagation 
with the heuristic EDBD (Extended Delta Bar Delta) learning rule were constructed and 
their recall performances were compared. Results indicate that the neural network model 
with the EDBD learning rule is superior to the other models. The neural network model
m
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with this EDBD learning rule has also a faster convergence rate and therefore it was 
selected as the prediction model of the tool wear and surface roughness. Sets of test data 
were randomly selected from a wide range of observations collected from the turning 
operations carried out by varying speed, feed and depth of cut. The test results indicate 
that the Backpropagation network with the heuristic EDBD learning rule predicts tool 
wear and surface roughness with a high accuracy.
IV
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Chapter 1 Introduction
. f , , ,  CHAPTER ONE
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1.1 MOTIVATION AND OBJECTIVES
1.1.1 Motivation and Background
For industrialised nations manufacturing industries have become the most important 
contributors to prosperity. However, due to the increase in complexity of the product’s 
applications, it has become more difficult to meet customers’ demands and compete in 
the international market. Thus manufacturing industries must be able to react quickly to 
the prevailing market conditions and maximise the utilisation of resources. Within recent 
years, the growth in computer and manufacturing technology have improved the ability 
of manufacturers to improve their reaction to the market challenge, by means of 
automation.
One of the aspects of modern automated manufacturing is the ability to improve both of 
the process and product quality. Metal cutting is one of the major manufacturing 
processes that has been intensively investigated and researched for improvement. This 
improvement includes a reliable tool condition monitoring that can anticipate any sudden 
or progressive deterioration that may be caused by the tool wear. It has been shown that 
the tool failures contribute on average of 6.8 % to the total downtime in machining [1]. 
Thus, a new trend in manufacturing is concerned with the reliability and applicability of
1
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sensor systems for tool condition monitoring, such that high availability levels of 
sophisticated manufacturing systems in conjunction with high quality levels of 
manufacturing products can be achieved. An intelligent monitoring system becomes very 
important to achieve this purpose.
Advanced sensor designs, coupled with signal processing technologies permit improved 
information about the process condition and enable process optimisation and control. In 
recent years several monitoring techniques based on various sensors have been developed 
to provide useful information on the cutting conditions that can be used as parameters in 
feedback control. Acoustic emission (AE) monitoring is one of the recent sensor 
developments in manufacturing that can fulfil this requirement. The AE signal has been 
found to detect the tool failure caused by both progressive wear and tool breakage in real 
time. The AE monitoring system has been subjected to extensive research studies [2-15]. 
Since the acoustic emission signals are generated directly by crack and deformation in 
metal cutting process, this signal has been found to be very useful in detecting the tool 
failure caused by both progressive and tool breakage in real time. Significant sources of 
this signal are generated from friction on the rake face and flank face, as well as in the 
shear zone. Some quantitative models that relate the AE signal generation to the cutting 
conditions have also been developed by researchers [16,17].
Another important aspect in intelligent monitoring systems is the quality o f the data itself. 
Deterioration in signal quality may be caused by noise generated from machine structure 
or chip formation, as well as from a specific cutting condition. For example, the crater 
wear formation on the tool rake face opposes the flank wear effect by significantly 
reducing the AEnns signal [9]. This could lead to an ambiguous situation and, 
furthermore, interpretation based on this data may be difficult. Additional information 
should be introduced in order to compensate this ambiguity. This can be achieved by 
utilising signal processing techniques to extract additional features from the sensor data. 
Frequency spectrum analysis has been argued to be the most useful signal processing 
method [18] that can be done using either hardware or software by means of spectrum
2
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analyser and Fast Fourier Transform (FFT) algorithms. Signal processing can also be 
done in the time domain by means of time series. Time series provide parametric 
modeling of the signal’s dynamics behaviours in the cutting process. The coefficients of 
the model generally exhibit a distinct pattern that can be used for process recognition[2].
Due to some complex phenomena in the metal cutting process such as deformation by the 
shearing process, the correlations between the parameters may become complicated. In 
such a situation, the derivation of mathematical models is difficult, since some of the 
physical knowledge in the system is unknown or difficult to be quantified. On the other 
hand, empirical methods which are generally based on regression analysis may fail to 
accommodate the real data from the cutting process due to erratic behaviour and sudden 
changes in data pattern caused by those phenomena. Recent work and studies in computer 
software have been focused on the development and implementation of Artificial 
Intelligence (AI) in industry, which includes expert systems and neural networks. Unlike 
the conventional expert system, a neural network does not have a fixed algorithm or rule 
that governs the system and thereby it does not require any prior physical knowledge 
about the system. The neural network obtains the knowledge through the learning 
process, where a series of training data is presented to the network model by an iteration 
process. Computations in the neural network are performed in parallel, which 
significantly increase the computational speed. Another powerful feature of the neural 
network is the complex pattern recognition. These features have made neural networks 
very promising modeling technique, which possess a high degree of flexibility, 
robustness and relative ease of implementation.
The uses of neural network modeling in tool wear prediction have been attempted by 
some researchers [19-38]. However, most of these network models gave only the output 
estimation of the tool condition based on simple decisions of either fresh tool or worn 
tool. Moreover, each of these models generally gave only one type of the failure mode 
prediction. For an effective and efficient intelligent monitoring strategy, a monitoring 
system based on this condition does not adequately satisfy the requirement. A neural
3
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network model that can predict the tool failure caused by more than one wear modes is 
desirable.
1.1.2 Research Objectives
The main objective of this study is to build an intelligent monitoring system for CNC 
oblique turning operations using an artificial intelligent neural network. Various steps 
that are necessary in achieving the main objective are described as follows:
1. To carry out an extensive literature survey on various sensors and tool wear 
monitoring methods that have been presented by various researchers. Based 
on this survey, determine the most possible efficient technique for intelligent 
tool condition monitoring.
2. Conduct a study of the acoustic emission technique for tool condition 
monitoring, as well as to establish relationships between the acoustic emission 
signatures, cutting parameters and tool wear.
3. Development of a monitoring system based on the concept of sensor fusion or 
multisensors approach, which utilises AE and force sensors.
4. The development of a signal processing technique for additional features 
extraction based on the frequency spectrum analysis by using a computer 
program employing Fast Fourier Transform (FFT) algorithm.
5. The development of a signal processing method for additional features 
extraction using a computer program based on the parametric representation 
of the signal dynamics using Autoregressive (AR) time series algorithm.
4
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6. Develop neural network models that utilise the input obtained from the signal 
processing as well as the cutting parameters, with a view to predict 
simultaneously the quantity o f the flank wear and crater wear, as well as the 
surface roughness.
7. Verification of the neural network model by comparison of the actual and 
predicted values of the flank wear, crater wear and surface finish.
1.2 ORGANISATION OF THESIS
The thesis begins with a general introduction and with the discussion of the present 
problems and the concept of intelligent monitoring system including its elements. This 
thesis is divided into seven chapters, each chapter consisting of an introduction and some 
sub titles and containing a large number of themes.
1. Chapter one contains the outline of the thesis describing the importance, motivations, 
objectives and the organisation of the thesis.
2. Chapter two deals with an extensive literature survey relating the important aspects of 
oblique cutting operations, various sensors and wear prediction methods developed 
by previous researchers. It also includes critical comments regarding the strengths and 
weaknesses for each technique, new trends in tool condition monitoring and 
workpiece surface roughness measurement.
3. Chapter three highlights the generation and features of the acoustic emission signal 
with some commonly used AE signal representations (e.g AE™* and AE mode). This 
chapter also presents previous work on AE monitoring of turning operations as well 
as the development of analytical models that relate the AE signal level to the cutting 
parameters. Critical comments by the author on the techniques and research have also 
been provided at appropriate places.
5
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4. Chapter four has been divided into two parts. The first part presents the signal 
processing algorithm based on the frequency spectrum analysis, which includes the 
Discrete Fourier Transform (DFT) and Fast Fourier Transform (FFT) algorithms. The 
second part deals with the signal processing technique in the time domain by means 
of time series analysis.
5. Chapter five presents the concept of an intelligent monitoring system along with its 
elements of sensor fusion and the use o f the artificial intelligent neural network. 
Various types of supervised and unsupervised neural network models are presented 
along with their learning rules. A heuristic approach to the learning rule based on 
Extended Delta Bar Delta (EDBD) is highlighted. Some previous studies on the use 
of Artificial Intelligent Neural Networks along with some critical comments are also 
included in this chapter.
6. Chapter six presents the experimental apparatus, procedures followed for 
investigation and the experimental results. This chapter also presents effect of cutting 
parameters on the variation of AErms signal and forces. The influences of tool wear on 
AE and forces was also monitored. Some neural network models are developed and 
their performances based on their learning ability are judged. Finally, based on these 
judgements, the best neural network model is selected and then tested against other 
randomly selected sets of data. The predicted and actual values o f flank wear, crater 
wear and surface roughness are then compared.
7. Chapter seven summaries the results and recommends further work and studies.
6
Chapter 2 Literature Review
2.1. INTRODUCTION
Turning is the most common cutting operation in metal removing processes, as well as 
constituting one of the oldest primary machining operations employed in the 
manufacturing of parts. A lathe machine is commonly used to perform this turning 
operation. Modem manufacturing technology, which includes the advancement of 
computer technology such as the development of Computer Numerical Control (CNC), 
have spurred the effectiveness and accuracy of this machining process and hence led to 
the improvement of cost effectiveness. Another factor that is also important to the 
reduction of cost is energy expenditure. It is closely related to the forces developed and 
power consumed during plastic deformation of the work material. Forces and power 
consumption in turning operations are greatly influenced by certain cutting parameters as 
well as tool wear.
2.1.1 Orthogonal and Oblique Turning Processes
The majority of cutting operations involves three-dimensional cutting process (oblique 
cutting). Orthogonal cutting is one of the special cases in oblique cutting, where the 
cutting is in two-dimensional form. The difference between them is the position of the 
tool edge relative to the cutting movement. In orthogonal cutting, the tool edge is
7
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perpendicular to the cutting movement (ie the inclination angle i is equal to zero) and 
hence the chip slides directly towards the rake face. For oblique cutting, the chip flows in 
the direction of rjc (chip flow angle). Orthogonal cutting has been used to understand the 
mechanism of the deformation in the turning processes, as well as explaining the oblique 
cutting process by reducing the complexity of the three-dimensional mechanism [39]. 
However, the most common turning process used in industrial conditions employ oblique 
turning.
Rotating Workpiece Rotating Workpiece
Figure.2.1 Oblique and Orthogonal Cutting Process
2.1.1.1 O rthogonal Cutting
Two basic models o f cutting analysis have been employed for analysing the orthogonal 
cutting operations, namely thick zone and thin zone model. The thin zone model has been 
used widely, for example, by Merchant [40] and Kobayashi and Thomsen [41,42] to 
perform mathematical analysis. Merchant presented the popular basic forces diagram 
based on orthogonal cutting, with the following assumptions:
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•  The tool tip is sharp and no rubbing or ploughing occurs between the tool and 
workpiece.
• The deformation is two-dimensional, with no side direction.
• The stresses on the shear plane are uniformly distributed.
• The resultant force R on the chip applied at the shear plane is equal, opposite 
and collinear to the force R applied to the chip at the tool chip interface.
Figure.2.2 Force and Velocity components in Orthogonal cutting
From the observation of the force diagram in Figure.2.2 above, the resultant force R can 
be related to other important forces such as:
1. Forces generated in the shear plane :
Fs = Fx cos(|) - Fy sin4> (2.1)
Fn = Fy cos(j) - Fx sin(|) (2.2)
9
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2. Forces acting on the tool-chip interface :
F = Fx sina + Fy cosa 
N  = Fx sina - Fy cosa
The shear stress t is assumed to be uniform over this plane, <j) and a being the shear angle 
and rake angle respectively. The coefficient of sliding friction ptc is expressed by the ratio 
of the friction force F and the normal force N. It can also be expressed by the friction 
angle (3 as:
F
Ptc=tanP = — (2.5)
Resultant force Rs and Rc on the shear plane and the tool rake face respectively can be 
represented by equations (2.6) and (2.7).
Rs =  > s2 +F „2 =  ^/Fx2 + F y2 (2.6)
Rc = VF2 + N 2 = ^Fx2 +Fy2 (2.7)
A force dynamometer installed on the tool holder is commonly employed to measure 
these forces experimentally. Therefore, based on the equations above, other force 
components in orthogonal cutting which are generated in the plastic deformation zone can 
be estimated. However this model provides only a fairly accurate calculation for the 
forces generated in plastic deformation zones. This is because, in real cutting condition 
and under the influence of flank wear, the tool tip has a radius and is not perfectly sharp. 
Hence there are ploughing force components acting on the edge of the cutting tool 
[44,45]. Also Built-Up Edge (BUE) formation [39] which occurs by the adhesion process 
during machining a ductile material also contributes to the variation of the cutting forces.
(2.3)
(2.4)
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2.1.1.2 Oblique Cutting
S e c t io n  YY
Figure.2.3 Rake angles in oblique cutting [39]
The oblique cutting operation, is more commonly employed in real life situations. Thus it 
is necessary to consider the mechanics of oblique cutting, which is an extension of the 
orthogonal cutting. Armarego and Brown [39] presented an oblique cutting mechanism 
based on the thin shear plane model. They also used assumptions similar to that used by 
Merchant [40] in orthogonal cutting. However, for this oblique model, the deformation 
process is considered in a three-dimensional mode instead of the two-dimensional mode 
used in previous model’s assumption. The rake angle in oblique cutting can be measured 
and classified as:
• The plane normal to the cutting edge ABC (Figure 2.3). The rake angle is generally 
termed the normal rake (a n).
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• The plane parallel to the cutting velocity vector and perpendicular to machined 
surface (plane ABD). The rake in this plane is known as the velocity rake (av).
• The plane containing the cutting velocity vector and the chip-flow vector (plane 
AEF). The rake angle is called as the effective rake (ae).
The angle i between the cutting edge and normal to the velocity vector Vw in Figure 2.3 
is known as the a n gle o f  in clin a tio n  or the o b liq u e  an gle. The angle between the chip- 
flow velocity and the normal to the cutting edge on the plane of rake face is called the 
chip flow angle (r|c). Intuitively the effective rake angle (ae) which lies in the velocity 
plane is the rake angle of the interest, since this angle appears to be related to the 
deformation process. This effective rake angle can be found from the following relation 
below:
sin a e = sin i sin r\c + cos i cos r |c sin a n (2.8)
Figure.2.4 Velocity components in oblique cutting
12
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The normal and effective shear angle can be expressed by the following equations 
respectively:
t/tc cosa,, _  rt c o s a n 
1 — t/tc s in a n l - r t sinan (2.9)
tan<|>e v c/v w cosae
1 -  VtW , s in a e
r,rb c o s a e 
l - r trb s inae
where
rtrb
tc *>c Vw
(2.10)
(2.11)
In oblique cutting, there are three main velocity components, which are termed the 
approach velocity (Vw), the shear velocity (Vs) acting on the shear plane and the chip 
velocity (Vc) acting on the plane of the tool face. These velocity components are 
represented geometrically on Figure 2.4 above, and can be related to each other by the 
following equations:
V c _ sin<|)e _  sin<|)n cos i 
Vw cos(c[)e - a e) cos(4>e - a e) cosr|c
(2.12)
V. cos<be cosan cos i
— = --------- —---- = ------------- 2-------------  (2 13)
V w cos((|)e - a e) cos((|)n - a n) cosris
A relation for chip flow angle rjc is difficult to derive, however, it can be approximately 
assumed to be equal to the inclination angle i o f the obliquity, as was also argued by 
Kalpakjian [43]. Hence the effective rake angle in equation (2.8) can be simplified as 
follows:
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a e =sin  ~ \sin 2i + cos2/sin  a n) (2.14)
Since the cutting edge is assumed to be perfectly sharp, therefore in this oblique cutting 
model only three main force components acting on the cutting edge are considered. These 
three force components correspond to the force parallel to the cutting velocity direction 
(Vw), a force parallel to the feed direction and a force exerted in the radial direction. 
These are known as Fp, Fr and Fq respectively, and geometrically these force relationships 
can be described by the diagram in figure 2.5.
Figure 2.5 Force components in oblique cutting [39]
These force components can be derived mathematically from the geometrical 
relationships above or they can be determined experimentally by using a 3-D 
dynamometer installed on the toolpost. Force measurement or calculation is very 
substantial knowledge in the cutting process, since the force components are closely 
related to the total power consumption in cutting, as well as being used to detect the tool 
wear. Cutting forces have strong correlation with the tool wear and they generally change
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as the tool wear progresses. Besides using a force sensor, another technique that is 
commonly used to procure the information about forces developed in cutting process is 
by empirical or analytical models. Despite the existence of some poorly understood 
mechanisms in cutting such as friction and chip behaviour, that make analytical 
modelling quite an intricate task, many attempts have been presented [46,39,47-52] to 
model the force components in cutting.
Venuvinod [51,52] presented an analytical model for single and two edges oblique cutting 
based on stress analysis o f the lower boundary zone in the shear zone. The author used 
assumptions similar to those of Merchant [42]. The resulting stress distribution of the 
lower boundary was then integrated and yielded an expression for the estimation of the 
cutting force from the given tool and chip geometry. The result provided a mechanism for 
predicting the power and lateral components of the cutting force. The advantage of this 
model is that it does not require a prior knowledge of the friction in the tool-chip 
interface, and hence it reduces the complexity o f the calculation. Although the model 
satisfied the experimental result, however in the author’s opinion the model contains 
some inaccuracies in the result, which may be due to simplification in the assumption.
Arsecularatne et al [47,182] have developed a force model o f an oblique cutting process, 
which considered the tool nose radius on the cutting edge. This was done since most of 
the cutting models assumed that the cutting edge is perfectly sharp [40-42], while most 
tools used in industry have a nose radius that improves strength, surface roughness and 
wear resistance. The three forces components (Fx, Fy and Fz) can be related and expressed 
by equation (2.36)
Fx (sin i' - cos i ’ s in c e / tan t |c’ )-F y cos a , '  tan ric’
z . . * . * *  .* (2*1^.
s m i  sm a n tan rjc +cosz
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The asterisk indicates the equivalent value, under the effect o f the tool nose radius, while 
a n and i can be expressed by the equation (2.16) and (2.17) respectively.
/ = r |c  = s in '1(cosrj,0 sinz - sin r|'0 s in an cos /) (2.16)
= sin -i
(  .........................................* \sec r| 0 sin i - sin i
K tanr|'0 cos/
(2.17)
The term r |’o is the projected angle of chip flow due to the effect o f the tool nose radius. 
The results between the predicted and experimental value have shown good agreement. 
However there were some differences in the result of prediction, which may come from 
the assumption made in the prediction o f the chip flow angle (ie i = r|c).
2.2. TOOL WEAR DEVELOPMENT IN TURNING 
OPERATIONS
Generally, the higher the wear value on the tool, the higher the cutting forces and power 
input are required. This eventually increases the production cost. Hence knowledge of an 
accurate tool wear prediction would be invaluable in the calculation of power 
consumption in cutting. Cutting tools are subjected to high stress, and in a wear situation 
extremely severe rubbing occurs between the tool-chip and tool-workpiece interface 
under high cutting temperatures. These factors contribute to the tool life o f the cutting 
tool, which is referred as the useful life of the cutting tool, expressed in unit time or 
interval from the beginning of the machining process until some extent of the endpoint, 
which is defined by the failure criterion. According to the ISO standard on the tool life 
testing [53], common criteria for tool life criterion of the High Speed Tool (HSS) and 
Carbide Tool can be referred to table 2.1.
16
Chapter 2 Literature Review
Table 2.1 ISO tool life criterion of HSS and Carbide Tools [53]
High Speed Tools Carbide Tools
C a ta stro p h ic  F a ilu re V B  = 0 .3 m m
V B  =  0 .3 m m  i f  fla n k  is  reg u la r ly  w o rn V B max =  0 .6 m m  i f  fla n k  irreg u la r ly  
w o rn
V B max =  0 .6 m m  i f  th e  f la n k  is  
irre g u la r ly  w o r n  (sc r a tc h e d , c h ip p e d ,  
b a d ly  g r o o v e d )
K T  =  0 .0 6  +  0 .3  f, w h e r e  f  is  th e  fe e d
Thus the main properties of a cutting tool in order to carry out its function are [54]:
1. Hardness for encountering the wearing action
2. Material strength and surface integrity for heat resistance
3. Sufficient toughness to withstand the high impact and vibration occurring 
during the machining process
2.2.1 Tool Wear Mechanisms
The tool wear is considered to occur on dry sliding surfaces. There are several complex 
mechanisms of tool wear, which according to Armarego and Brown [39] can be classified 
as:
• Adhesion
• Abrasion
• Diffusion
• Fatigue
2.2.1.1 Adhesion W ear M echanism
This is based on formation of welded junctions (microwelds) and the subsequent 
destruction of these junctions (Figure 2.6). The wear is caused by the fracture of welded 
asperities junctions between two metals. These junctions between the chip and the tool
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materials are formed as part of the friction mechanism. When these junctions are 
fractured, small fragments of tool material can be tom out and carried away on the 
underside of the chip or on the new workpiece surface
Shaw [57] derived an empirical relation of this adhesive wear mechanism as described by 
equation (2.18).
B  TT A^ = K A r (2.18)
Where B = Volume of removed material 
L = Sliding Length 
Ar = Real contact area
K = Probability that real contact will result in a wear particle
N
Figure 2.6 Contact between asperities of sliding material [39]
According to Hirst and Lancaster [58] the adhesion process can be classified into two 
classes - severe and mild wear. They suggested that severe wear is caused by the action of 
welding of asperities and tearing of these welds on the softer mbbing surface at high wear 
rate, and formation of relatively large wear particles. Eventually this condition creates a
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rough surface finish. However under mild wear condition, the surface finish of the sliding 
surface may improve, due to the removal of high spots.
2.2.1.2 A brasion W ear M echanism
Abrasive wear is based on the abrasion of high spots on one surface by the material of the 
other surface. Abrasion occurs when hard particles on the underside of the chip pass over 
the tool rake face and remove the tool material by mechanical (abrasive) action (Figure 
2.7). The abrasion process involves cutting and it depends on the hardness, elastic 
properties and geometry of those two mating surfaces. The greater the amount of plastic 
deformation a surface material can sustain, the greater will be the resistance to abrasion 
wear. Marinov [59] argued that this abrasive wear mechanism constituted 20-25% of the 
total wear volume, where the volume of abrasive wear particles has an approximately 
linear relationship with the cutting temperature. It was found also that the wear rate 
increases non-linearly with the size of particles (pa). This can be represented by equation 
(2.19) below.
WABR=Cpa (2.19)
Sliding Action
Figure 2.7 Illustration of abrasive wear in sliding motion [43]
Kramer [60] presented an analytical model of the tool wear that is caused by abrasion 
mechanism. This model was based on the function of the measured cutting temperature 
from the material database that contain thermochemical properties of the tool-workpiece
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and the hardness number o f both tool and workpiece as a function of temperature. It can 
be expressed as:
w ABR
(
= AVK
V
Pa(n-1)'  
P t(n_1) ,
+ (2.20)
A and B, the calibrated constant and the dissolution wear constant respectively, are 
determined from the experiment data. M and C are molar volume of the cutting material 
and chemical solubility o f the materials respectively and V is the cutting speed. The terms 
K, Pa, Pt and n depend on the relative hardness of the tool, as detailed in [8]
2.2.1.3 Diffusion Wear
When the surface velocity is low and the surface temperature is high, diffusion plays an 
important role in the wear process. The diffusion mechanism is based on the concept of 
wear as a process o f atomic transfer at contacting asperities [55]. Some diffusion 
processes occur in the adhesion of contacting asperities, involving the atoms movement 
from tool material to the workpiece. These take place within a narrow reaction zone at the 
contact interface, weakening the surface structure of the tool. Diffusion and alloying 
processes at the interface junctions control the size and nature of wear particles. The 
diffusion rate is a temperature dependent phenomenon, which is a direct function of the 
rubbing speed. However, the amount o f material transferred by diffusion is dependent on 
the time of contact o f the mating surface which is an inverse function of speed. These 
make a complex relationship between sliding speed and wear rate by the diffusion 
mechanism.
2.2.1.4 Fatigue Wear
The Fatigue wear mechanism also called surface fatigue or surface fracture wear [39,43], 
is caused when the surface of the materials are subjected to cyclic loading. This cyclic
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loading process is due to the change in stress in the material below the surface as 
asperities from a rubbing surface pass over it. At some distance ahead of the asperities, 
the underlying material is compressed but behind the asperities, tensile stress elongates 
the material. These repeated cycles could cause fatigue failure of the material below the 
surface. Theoretically, wear particles are created by cracks, formed below the surface, 
spreading and moving up to the surface. This situation is normally considered as the 
effects of oxidation of the surface. Another fatigue process can be generated by thermal 
fatigue, where cracks on the surface are generated by thermal stress from thermal cycling.
2.2.2 Wear on the Cutting Insert
The progressive wear of the tool occurs in two distinct ways, which can be classified as 
flank wear and crater wear. These can be illustrated on figure 2.8 below.
Flank wear on the cutting tool is caused by friction between the newly created work 
surface and the tool flank face. The wear adhesion mechanism and thermal cracking
21
Chapter 2 Literature Review
caused due to thermal shock are the main causes o f this wear. The width of the wear land 
(VB) is usually taken as a measure o f the tool life and can be measured by a toolmaker’s 
microscope or profile projector.
Crater wear formed on the tool rake face conforms to the shape of chip underside and it is 
bounded by the length of chip-tool contact area. The effect o f crater wear is more 
prominent in ductile materials. A crater occurs on the point of the chip impingement and 
approaches towards the cutting edge. However, it does not really reach the cutting edge 
but instead ends near the tool nose. According to Kalpakjian [43] crater wear is greatly 
influenced by the temperature at the tool-chip interface and chemical affinity between the 
tool and workpiece material. The high temperature during cutting occurs along the 
contact length and can easily reach the order of 1000°C [55]. Under the harsh conditions 
rapid wear occurs due to thermal softening or solid state diffusion processes. Crater depth 
is usually taken as the criterion for crater wear measurement. However, the crater depth 
varies along the crater area of the cutting tool, and hence the deepest crater depth, KT, is 
usually employed to designate the amount of crater wear. Diffusion mechanism is one of 
the mode which contribute to crater wear. The rate of movement of atoms across the tool­
chip interface increases with increasing temperature. The location of maximum depth of 
crater wear coincides with the location of maximum temperature in tool-chip interface 
contact
Another way by which the tool wear is caused is tool breakage or chipping. This type of 
failure may inflict severe damage to the tool and machined workpiece. The occurrence of 
this type of failure is hard to predict, since there are many factors that influence this 
mechanism. Asai, Nakatani and Hara [56] argued that the occurrences o f tool failure due 
to tool breakage can be classified into four mechanism:
• Tool-chip welding fracture in the lower temperature region.
• Fracture at tool-workpiece disengagement in the low speed cutting region.
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• Fracture at tool-workpiece disengagement in the high speed cutting region.
• Plastic deformation fracture in the higher temperature and the higher normal 
stress region, such as in the tool rake face.
2.3 TOOL WEAR MONITORING TECHNIQUES
Tool wear sensing techniques for machining processes have been a major focus of 
research in process automation [2,61-63]. The effectiveness of sensing techniques 
depends primarily on the influence of a particular machining condition on the measured 
signal. The measured signals have to be sensitive and responsive to the changes in 
machining conditions due to cutting parameters (feed rate, cutting velocity, depth of cut), 
as well as due to the microscopic change at the tool chip and tool-chip interface which 
can be caused by the wear formation. Sensors also need to be adaptive to the machining 
environment Most optical, electro-optic and other non contact probes are susceptible to 
problems with the dirty environment due to cutting fluids, chips and machine vibrations, 
while the contact probes lack sensitivity. Beside the strong relation between the signal 
and machining condition, a sensor should not perturb the machining operation. These 
make the sensor selection process crucial in tool wear monitoring, where good quality 
data collected from machining are critical for the success of the monitoring technique.
Sensors are characterised by the application of specific physical phenomena of a 
particular process. Thermocouple, piezo-crystal, accelerometer, strain gauge, acoustic 
monitor and force dynamometer are among those sensors which are frequently used to 
detect a specific feature (temperature, tool wear, spindle torque, vibration) that arise from 
these physical phenomena. In selecting one or more sensors for a specific machining 
operation, the following aspects have to be considered [2]:
1. Measurement should be as close as possible to the machining point.
2. The sensor setup should not reduce static or dynamic stiffness of the machine tool.
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3. Sensor setup should not restrict the working space and cutting parameters.
4. The sensor cost as well as its maintenance cost should be low.
5. The sensor setup should have be resistant to dirt, chips, mechanical, electromagnetic 
and thermal influences (from the external environment).
6. The performance and function of the sensor must be independent o f tool and 
workpiece.
7. The sensor must have adequate metrological characteristics.
8. The interconnection of the sensing system must have reliable signal transmission.
With regard to sensor systems for process monitoring, a distinction is to be made on the 
one hand between continuous and intermittent systems and on the other hand between 
direct and indirect measuring techniques. In the case of continuously measuring sensor 
systems, the measured variables are available throughout the machining process, while 
the intermittent systems record the measured variables only during some intervals in 
machining process. The continuous sensing methods ensure a continuous detection of all 
changes to the measuring signal and also ensure that sudden changes in signal caused by 
abnormalities or disturbance such as tool breakage can be responded to immediately. 
Acoustic emission [64-66] and force measurements [2,19,20] are included in this 
continuous sensing system. Intermittent measurements are dependent on the interruptions 
in the machining process at certain intervals. They are generally insensitive to the sudden 
changes such as in cutting conditions (eg tool breakage) and entail time losses, and 
subsequently increase in production cost. Intermittent wear measuring method can be 
implemented by using an optical sensor [67-71], mechanical [72] and pneumatic sensors 
[73,74]. A detailed discussion about direct and indirect measuring techniques is described 
below.
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2.3.1 Direct Sensing Techniques
The direct sensing techniques employ the actual quantity o f the measured variable such as 
tool wear. The direct sensing technique possesses a higher degree of accuracy, since the 
measurement is directly focused on the desired quantity. A direct sensor with a 
continuous measuring technique is an optimal combination with respect to the accuracy 
and response time. However, such combinations of measuring techniques are 
characterised by the complexity in setup and hence may be difficult to use in a practical 
industrial environment [2].
2.3.1.1 Optical Measurements
The optical technique measures the shape and position of the tool wear by employing 
different types o f sensors such as optical transducer, camera and fibre optic [67-71]. Most 
of these sensing techniques can be employed only between the cutting cycles when the 
machining operation is interrupted and the tool is removed from the machine, such as 
insert removal for measurement o f wear on optical profile projector or a microscope. 
Optical and electro-optical methods can be used to analyse the image reflection of the 
wear zone which has higher reflectivity compared to the unworn surface. Jeoun and Kim 
[69] and Teshima, Shibaska and Yamamoto [70] employed camera and image processing 
techniques to capture the image of the tool and convert the image into digital pixels. The 
pixels that have different colour intensities represent the degree of tool wear. The 
experimental results showed that this method was capable of detecting the tool wear to an 
accuracy o f 0.1 mm.
Some optical approaches involve the use of optical comparator. Tsao, Husein and Wu 
[71] employed a thermoplastic mould lapped to the crater wear to show the amount of 
crater wear represented by the contour lines of the lapped mould. This method allows for 
an accurate crater depth measurement by measuring the height of the mould on the optical
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comparator. Asai et al [56] used a combination of high speed camera and He-Ne laser 
beam to detect tool micro breakage due to adhesion mechanism occurrences on the 
turning process. It was found from the observation that chip stagnation on the rake face of 
the carbide tool at the transient state o f chip formation was the main cause of the tool 
breakages
However most optical methods require large amounts of memory to adequately process 
the image data and hence significantly slow down the computational speed. Moreover, 
since these methods require interruption in machining, they slow down the production 
process and are not suitable for an automated manufacturing process. Another possible 
problem for this method arises from the false image data, such as built up edge or metal 
deposits image on the cutting edge, which can lead to misleading data interpretation.
2.3.1.2 Wear Particles Analyses
During a cutting process, generally wear particles o f the cutting tool are transferred and 
adhere to both the surface of the chip and the workpiece. One approach is to find a 
volumetric loss o f the tool material by means of chemical analysis [67,75] which 
constitutes separating the wear particles from the chip by pickling and filtering, followed 
by material suspension in a suitable solution. Electrochemical processes using a 
photoelectric spectrophotometer are then applied to detect the particles in the solution. 
Since it involves a filtering action, this method is only suitable for large particle analysis.
Marinov [59] used a powder metallurgy technique of manganese steel to produce a 
cutting tool, where the particle properties o f the material can be controlled, and hence a 
wear process can be isolated merely due to the abrasion process. From the experiment, a 
relation o f the volumetric loss and the amount of flank wear was derived, as shown in 
equation (2.21).
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V „ = 0 .1  -SinY/ ° S<X f  VB2 n = [ l ;/] and / = 106 (2.21)
2 cos(a + y) i
a , y and b are the rake angle, clearance angle and width of cut respectively.
The tool wear particles can also be detected by scanning the chip that contains the wear 
particles with electron microprobe analyser [76], which is similar to the X-rays 
fluorescent principle. In this method an electron beam is used to excite the sample of 
wear and cutting debris so that the reflected X-ray can be emitted and then analysed using 
an X-rays spectrometer. However, this method can only be used to detect the particle 
concentration and cannot distinguish between the flank or crater wear effect.
Radioactive sensors are also used to quantify the volumetric loss of the wear particles, 
based on the radioactivity measurement of the activated cutting tool by neutron or 
charged particles [77,78]. The correlation analysis between the radioactive emission of 
the cutting tool and the size o f the wear land was then derived, where the accuracy of this 
method is up to 0.002 mm. Despite the accuracy of these techniques, wear particle 
analyses are not practical for application in industrial situations, since the tool setup has 
to be modified significantly to accommodate these analyses. Moreover, the use of 
radioactive material is quite dangerous and it can be harmful to the surrounding 
environment, so extreme care should be taken in the implementation of this method.
2.3.1.3 Tool and Workpiece Junction Resistance Measurement
In cutting operations, the contact area between the machined workpiece and the tool 
changes as the tool wear increases. The electrical resistance between the tool and the 
workpiece can be used as an indicator to quantify this process [67,68,78]. This approach 
is based on the principle that the electrical resistance of a conductive body can be related 
as a function of the material internal resistivity, that is, its length and cross sectional area
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of contact {R = / ( Q, /, Ac)}. Uehara [67] and Aoyama, Kishinami and Saito [68] used a 
bonded thin film conductor, which acted as an electrical resistor onto the flank face of the 
tool. As the tool flank wear develops, part o f the conductor also wears, which eventually 
decrease the resistance in the tool and workpiece junction. Thus this situation can be used 
to quantify the value o f tool flank based on the resistance of the tool and workpiece 
junction. However this method suffers from the disturbances caused by the variation in 
cutting force as well as from the tool vibration, resulting in a variation of contact pressure 
between the tool and workpiece during the cutting process.
2.3.2 Indirect Sensing Techniques
The indirect measuring techniques measure the suitable auxiliary quantities of the 
measured variables and deduce the actual quantity via empirical or analytical determined 
correlation. The indirect sensing techniques are less complex in setup, since the sensors 
are generally compact and can be installed near to the cutting point. Moreover the data 
procurement can be done continuously without interrupting the machining process and 
sensors transmit the signal in real time and hence these techniques are most suitable for 
the on-line condition monitoring techniques. Despite their ease o f setup and real time 
signal transmission, the accuracy may deteriorate quite significantly. Such deteriorations 
are caused by the noise or disturbances, which contaminate the signals. These 
disturbances can be generated from chip interferences to the cutting operation, such as 
signal produced by chip congestion and tangling around the workpiece for acoustic 
monitoring process [66,77] or machine vibration for tool chatter monitoring [79]. 
However with the vast development of signal acquisition and data processing techniques, 
those interferences can be suppressed to minimum level, hence a combination of these 
can improve the quality o f signal while still maintaining the on-line compatibility. Below 
are some indirect sensing techniques.
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2.3.2.1 Changes in W orkpiece Dimension
In the turning operation, the wear on the cutting tool affects the dimensional accuracy of 
the workpiece. Generally, the distance between the tool holder and the workpiece 
decreases as the wear progresses. Several contact and non-contact sensors have been 
developed to measure this change.
disk
Figure 2.9 Structural view of the tool wear sensor [80]
Suzuki and Weinmann [80] used a specially designed fixture attached to the tool holder 
to measure the distance between the tool and workpiece (Figure 2.9). This fixture 
contains an eddy current displacement transducer and a stylus. One end of the stylus was 
mounted on the tool holder and the other end of the stylus was retained in contact to the 
workpiece surface. The stylus movement was then conveyed to a disk. As the tool wears, 
the clearance between the disk and the probe of the transducer was reduced, hence a 
signal proportional to this distance is generated. Even though this method is claimed to 
have quite reasonable accuracy, some significant errors still exist, which are due to 
sideway motion of the stylus, variation in feed force and the large distance between the
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tool tip and stylus. Also the sensor which is located near the cutting point is exposed to 
the chip impingement and hence interfere with the sensing process.
Gomayel and Bregger [81] used an electromagnetic probe to measure the tool wear by 
sensing the workpiece diameter changes during turning operations. This method relies on 
the principle that an electromotive force is generated in a conductor when a magnetic flux 
changes with time (Figure 2.10). The measured changes in the workpiece dimension 
were correlated directly to the changes in air gap between the probe and workpiece. A 
minute change in the diameter of the workpiece would change the magnetic flux in the air 
gap, and hence detect the tool wear. This method can detect a flank wear variation 
ranging from 0.205 to 0.241mm accurately. However this method could not distinguish 
the tool failure mode such as differentiating between the flank and nose wear. Moreover, 
errors due to the thermal expansion and inaccurate movement of the workpiece or 
vibration may occur and introduce inaccuracy.
CONDUCTIVE 
MATERIAL NEAR 
PROBE CAN 
INTERCEPT THE 
MAGNETIC FLUX
Figure 2.10 Electromagnetic flow from probe to metal [81]
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2.3.2.2. Vibration Analysis
As the cutting of the metal progresses, the growth of tool wear causes the vibration and 
chatter in the cutting process. This vibration can be monitored and related to the tool wear 
in several ways. Vibration can be measured using a piezo-electric accelerometer or 
sensors for low frequency acoustic emission [2]. A method of discrete modelling Data 
Dependent System (DDS) to measure the tool wear from the vibration signal was 
presented by Pandit [82,83]. The DDS technique isolated the model of vibration, which is 
most sensitive to the tool wear and its corresponding power contribution, which can be 
characterised by a decrease with the increase of tool wear in the beginning. It reaches a 
minimum point when the tool wear is critical and then increases afterwards. Thus this 
criterion of minimum actual power contribution can be used as the indicator for critical 
tool wear.
Weller Schrier and Weichbrodt [84] used a vibration transducer mounted on the tool 
block of the machine tool to detect tool wear. From the experiment, it was found that the 
total amount o f vibration energy in the range of 4-8 kHz increases as the length of tool 
wear increases. This characteristic was observed to be consistent, even with the variation 
on the cutting parameters (i.e feed, cutting speed and depth of cut). Taglia, Portunato and 
Toni [85] investigated the mutual relationship between the tool wear and power spectrum 
of the flexural vibration. The cross power spectra obtained from the range of 0 -  2.5 kHz 
showed a similar trend for the increase in wear, and hence was satisfactorily found to be 
sensitive to the tool wear. Spectral cascades in the lower frequency region of 0-1 kHz 
have been used to identify the various stages of tool wear [86]. In this experiment, the 
tool wear process was divided into five phases of wear, which includes initial wear, 
normal wear, micro breakage wear, rapid wear and the tool failure stage. This observation 
again showed that the frequency distribution during the cutting correlates to the increase 
in the tool wear. Martin Mutel and Drapier [87] found that the vertical tool vibrations in 
stable machining were almost sinusoidal and have a frequency response equal to the
31
Chapter 2 Literature Review
natural frequency of the machine. The power of the acceleration signal obtained was 
found to be a linear function of the cutting speed and the tool wear. A mathematical 
model was also presented to verify the experimental result [87].
The vibration signal analyses have been used widely in tool conditioned monitoring, and 
the vibration signal was found to have good relationship to the tool wear. With the 
development of the transducers and instrumentation used in vibration analyses, the 
monitoring process becomes more practical and cost-effective. The tool wear 
characteristics correspond to the various ranges of frequency responses for the different 
experiments described above. This variation is dependent on the machine setup and the 
material properties of tool and workpiece involved in cutting. For example, the tool 
holder rigidity and moment of inertia properties contribute to the total vibration of the 
cutting process, and hence the frequency responses obtained from different machine 
setups will be different.
2.3.2.3 Spindle Motor Current
Power or current input to the spindle during turning operations can be related the torque 
and hence to the tangential components of the cutting velocity and cutting force [88,89]. 
Under normal conditions, where a fresh tool with a sharp cutting edge is employed, less 
power is consumed by the cutting operation compared to when a worn tool is used. This 
relationship between the spindle power input and the tool condition can be used to derive 
information of the tool wear. Liao [88] derived a relationship between the motor current 
and the tool flank wear, which can be described by equation (2.22) as follows:
I r = K 2 [K, (VB) + F0]D/2 (2.22)
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Ir is the RMS value of the input current, K i,K2 and Fo are the constants, VB is the flank 
wear and D is the diameter of the workpiece. The spindle induction motor current was 
measured by a current transformer, and then the current was amplified and passed through 
a full wave rectifier, so that even a small change in the amplitude of the signal could be 
detected. The signal increased as the tool wear progress and decreases where a tool 
breakage occurred. The rate of increase of the current signal due to the progressive wear 
on the tool was found to remain constant for the same workpiece material. Novak and 
Ossbahr [89] also reported that this spindle current measurement was found to be reliable 
in monitoring tool breakage at medium and heavy cuts in turning operations. Thus the 
spindle current measurement can be used to detect collision, tool breakage and wear if the 
cross sectional area of depth of cut is large enough. However, due to the inert masses of 
the rotating workpiece the motor current has a low frequency response. Therefore tool 
breakage is not detected directly but only after some consequential damage has occurred 
[2]. Furthermore, the measurement fails to produce accurate results since the cutting 
process consumes only a fraction of the total measured power (i.e some power loss may 
occur in machine transmission).
Sensors to measure the current or the effective power of the main spindle represent a 
simple yet inexpensive alternative in tool wear monitoring. However the accuracy of this 
technique is lower compared to most of indirect sensing techniques, such as force 
measurement and vibration analysis [90].
2.3.2.4 Cutting Temperature Measurement
The cutting temperature can be correlated also to the tool wear in cutting operations. The 
rise in the cutting temperature for the worn tool corresponds to the energy dissipated 
during the rubbing and tearing process. Various temperature sensors generally employed 
in machining operation are presented by Barrow [91]. These include thermo-e.m.f 
measurement (work-tool thermocouple and tool thermocouple), radiation techniques and
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thermo-chemical reactions. It was observed by Bothroyd, Eagle and Chisholm [92] that 
60% of the heat generated in the work-tool interface is dissipated on the workpiece 
material and the rest is removed through the chip. The extra heat carried away by the chip 
results in an increase in the tool rake face temperature.
Tool-work thermocouple sensors have also been applied to track tool failure [2,93,94]. 
Using this method, the tool and workpiece should be electrically isolated from the 
machine tool structure. The reliability of the tool-work thermocouple is also influenced 
by the material properties at the junction. Olberts [95] found from his experiment (Figure 
2.11) that the increase in interface temperature between the tool and workpiece was lower 
compare to the relative increase in the temperature at the tool-chip interface as the growth 
of flank started. Both temperatures then increased continually as the wear land 
progressed. The increase in tool-work temperature was caused by the rubbing process on 
the flank face at the higher values of flank wear.
Figure 2.11 Experimental setup of tool-work 
thermocouple measurement [95]
A tool thermocouple has also been used to measure the cutting temperature [96,97]. The 
thermocouple was embedded in the cutting tool, remote from the cutting edge. It was
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found from the experiments that the tool wear increased linearly with the increase on 
cutting temperature. Another temperature measuring technique using thermochemical 
reaction was reported in [91]. This method utilised thermosensitive paint that changes its 
colour with the change of temperature. However there is a time lag between the 
temperature change and the colour change, hence the system has a slow response to the 
tool wear.
Temperature change can be related to the progressive wear on the cutting tool. Some 
research involving the development of sensing techniques based on temperature 
measurement have been presented [93-97]. However this method requires a complex 
setup, where the thermocouple has to be installed remote from the cutting edge, since the 
chip can interfere with the sensor and hence introduce inaccuracy. On the other hand, in 
order to obtain more accurate readings during the cutting process, the sensor has to be 
placed in the vicinity of the cutting edge, thus obtain as much heat from cutting process as 
possible, as the heat may be lost to the surrounding.
2.3.2.5 Force Based Monitoring
Cutting forces in turning operations can be easily measured. Cutting forces generally 
change as the tool wears and hence they can be used to detect tool failure. The force 
sensing method is arguably more sensitive than the vibration and power measurement 
[90]. It is also regarded as the most widely used technique for process monitoring in 
industry and research [14,98]. Early work on the tool wear sensing based on cutting force 
monitoring was carried out by Micheletti, Fillipi and Ippolito [99] and Filipi and Ippolito 
[100] in 1969. It was concluded that it was impossible to give accurate information on 
wear measured through forces, since the cutting force increases with flank wear, but 
decreases with the increase of crater wear [99]. However, since then there have been 
many attempts to apply this technique for tool wear sensing such as in [101,102-107]. 
Various techniques o f measuring the cutting forces are presented by Byrne, Domfeld and
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Inasaki [2]. These include dynamometer, plate and ring, pin extension sensor, the tool 
displacement due to bending force, force-measuring bearing and torque at spindle. It was 
also argued that out o f these various techniques, commercial dynamometers provide the 
most accurate measurement o f cutting forces. A piezo-electric dynamometer consists of a 
piezo-electric transducer, which when dynamically compressed, produces an e.m.f 
proportional to the corresponding force. Since the electric signal produced by the 
dynamometer has very low power, an amplifier is required to amplify the signal.
The cutting force is found to be related to the flank wear, where an increase in force 
indicates an increase in flank wear, however, the effect of crater wear may sometimes 
oppose this behaviour, by changing the geometry of the tool rake angle as argued by some 
authors [46,108,109]. Beside the progressive wear, cutting forces are also found to be 
sensitive to catastrophic failure of the tool. Essentially, it was observed that tool breaks 
manifest themselves in the form of discontinuities or pulse-like changes in one or more 
force components [110,111]. Experimental works by Tlusty and Andrews [105] have 
confirmed the interrelationship between the main cutting force, radial force and feed 
force. These forces increase suddenly when a small chipping from the tool nose radius is 
jammed between the tool and workpiece, then dropped to zero, because the pressure 
between the workpiece and the tool is released. The force signals were again increased, as 
the tool continued to move. Different behaviour of the force components to this finding 
was found by Jemielniak [112], where the chipping resulted in the instant decrease of the 
main cutting force, while the other force components increased. Lan and Domfeld [113] 
suggested that the magnitude of the drop in tangential force is proportional to the 
fractured length along the cutting edge of the tool.
Some experimental results [90,114-116] suggest that the feed and thrust forces are 
influenced more by the tool wear rather than by the main cutting force (tangential force). 
However Lister and Barrow [117] found a different behaviour on the relation between the 
tool wear and force signals that opposed above findings. It was showed that the main
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cutting force gave the best information regarding the tool wear and that both the radial 
and feed force did not show a good correlation to the tool wear. This contradiction could 
be caused by the complex relationship between the cutting forces and the development of 
tool wear. This includes a poor understanding of the friction between flank face and 
newly created work surface, the effect of crater wear on the cutting forces, material 
properties of both the cutting tool and workpiece and the formation of built-up edge. 
These aspects may significantly contribute to the variation of the cutting forces and hence 
introduce some inaccuracies to the monitoring process. Attempts have been made to 
improve the monitoring process by introducing signal processing algorithms to extract 
some additional useful features from the signal [19,118], which provide complementary 
information regarding the cutting process. These features not only improve the accuracy 
of the wear prediction based on the monitored signals by adding more information and 
reducing the unwanted signal components, but also eliminate misjudgment that may be 
generated from the cutting phenomena described above.
Cutting forces measurement is one of the most commonly used techniques in detecting 
the tool failure that is caused by either progressive wear or tool fracture. It can be 
implemented in an on-line monitoring system, where the signals monitored are sensitive 
and responsive to changes in machining conditions due to cutting parameters and tool 
wear. However, the interrelationship between mechanism of wear and the cutting forces 
is very complex. Tool condition monitoring based on the force sensor alone is not 
adequate to obtain accurate estimates of wear. However, some signal processing 
techniques and multi sensor methods can be employed to increase the accuracy of the 
prediction.
2.3.2.6 Acoustic Emission Monitoring
Acoustic emission monitoring has been widely used in tool wear sensing in metal cutting 
operations, such as in [16,17,119,183]. The generation of the acoustic emission occurs
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when the spontaneous release of transient elastic energy in material undergoing 
deformation or fracture takes place [17]. Acoustic emissions travel through solid material 
and can be detected by a piezo-electric transducer. The signal is then amplified and 
transmitted to an oscilloscope, spectrum analyser, counter, RMS voltmeter or recorder.
Acoustic emissions in cutting operations has been found to have a high frequency 
bandwidth between 100 kHz -  1MHz, and hence it has fast time response [98]. Acoustic 
emissions are also found to be sensitive to tool wear and tool breakage. This makes 
acoustic emission monitoring as one of the most promising tool condition monitoring 
techniques in today’s manufacturing [43]. More discussion about this sensing technique 
and its implementation in tool condition monitoring will be presented in chapter 3.
2.4 TOOL WEAR AND TOOL LIFE MODELS BASED ON 
CUTTING CONDITIONS
A common practice in predicting the tool wear and tool life in cutting is to develop 
mathematical, empirical or statistical models which have an acceptable degree of 
accuracy. Studies have been carried out extensively during the last 20 years to obtain a 
good knowledge about tool life and wear mechanism. However some poorly understood 
phenomena in cutting introduce some complexity in developing the tool life models. One 
of these phenomena is the friction mechanism that results from its connection with the 
shear process and from the changes in the sliding and sticking mechanism in tool-chip 
contact.
Early study of tool life was reported by Taylor [39] in 1907 as a simple popular equation 
of
VTn = constant (2.23)
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Where V, T and n are the cutting speed, total cutting time and exponential index 
respectively. The exponent index is different for every different material.
This model is very simple and may not adequately estimate the tool life, since some 
parameters, such as the variation of the cutting parameters (feed and depth of cut) are not 
taken into account.
Negishi, Aoki and Sata [120] predicted the tool breakage, based on a statistical approach 
where the Weibull distribution model was used. It was observed that the variations of 
cutting parameters have more influence than the variations of workpiece hardnesses. This 
finding contradicted the general tool life equations, such as the Taylor equation. Another 
similar approach using the Weibull probability distribution was attempted by Alberti, La 
Diege and Passannanti [121]. The authors also argued that the progressive wear and tool 
breakage mechanisms are not stochastic independent phenomena. Thus the authors 
presented a statistical model that is used to calculate the probability of the tool failure in 
machining, as can be expressed by the following relation.
i-l
mi = i - L mj=i
* "
Jg(t) dt (2.24)
tli
Where nij is the expected number of tool failures in machining of the i workpiece, tm is 
the machining time for each workpiece and g(t) is the failure rate of the tool defined by 
the Weibull model.
Rao [122] conducted a large number of experiments at different cutting conditions and 
confirmed that the proposed wear index was a valid indicator for the average flank wear 
for turning operations based on the measured forces. The wear index can be found from 
the ratio of the force amplitude at the first natural frequency of the toolholder and the 
vibration amplitude at the same frequency. Takeyama, Sekiguchi and Takada [114] 
developed a tool life model based on the performance index, where the cost efficiency
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was the main optimal objective. The flank wear criterion is defined by the equation 
(2.25).
VB = VB0 + ) ^ d t  (2.25)
0 dt
V b is the tool life criterion of flank wear (mm), V bo is the initial length of flank wear land 
and T is the tool life in time (min).
Since the tool life is strongly dependent on the amount of tool wear itself, in order to 
predict the tool life accurately, information regarding the amount of tool wear is 
necessary. Rubenstein [42] presented an analysis of tool wear based on the continuous 
flank wear process. The analysis in which wear was attributed primarily to the adhesion 
process was given. An analytical model of temperature on the clearance face of the tool 
was developed based on the relation of the cutting velocity V, feed f, width of tool W and 
the length of wear If as can be illustrated using equation (2.26)
ef =KvEf’V w Y (2.26)
The terms s, r|, and 8 are constants.
By considering the tool and workpiece material properties, the length of wear // also can 
be written as in equation (2.27)
'H .  '
/ ,  = VB = K R 0a a 0b [co tß-tana] - f  - 0fq t
vH„y
(2.27)
Hm, H0, (3, t, Ro and a 0 are the hardness of the workpiece, the hardness of the tool, 
clearance angle, cutting time, room temperature and the degree of adhesion respectively. 
The terms K, a, b and q are the constants.
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Boothroyd et al [92] investigated the temperature distribution along the cutting edge, the 
chip and the workpiece. It was found by this study that the mean temperature at the work- 
tool interface increased with increasing wear land length, however the temperature 
distribution in the area has a difference of less than 16°C. A mathematical relation of the 
heat generated during cutting was derived in equation (2.28).
Qw =
60Ff
V
+ Q 0 (2.28)
Qw is the total heat generated during cutting, Ff is the friction force, J is the mechanical 
equivalent of heat and Q0 is the heat, generated from the shear zone of the chip 
deformation.
Usui et al [101,123] developed an analytical model to predict the cutting temperature and 
hence the crater wear formation in a carbide tool, through an approach based on the 
energy method. By assuming that the shear and frictional energy in the cutting process are 
fully transformed to heat and that the tool-chip contact is thermally insulated, the 
temperature rise during cutting due to the thermal energy of the shear plane and tool face 
can be related to the equations (2.29) and (2.30) respectively.
A05 = ÏS V s R q 
J pc Vsin<|)e
(2.29)
AO, =
Tt V,At
J p c h
(2.30)
A0s and A0t are the temperature rise,"pc is the mean value of pc of the chip and tool, J is 
the mechanical equivalent of heat and Ro is the ratio of material volume, which flows into 
the lattice across the time interval At to the h3 (where h is the width of the lattice spacing). 
For the crater wear model, it was also assumed that the contribution of the abrasion
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mechanism is negligible and the wear process is mainly due to the adhesion. The rate of 
crater wear for the turning process can be shown in equation (2.31).
dW
<*t Vc d t
= Cj exp e (2.31)
dW/dt is the rate o f crater wear, Ci and C2 are the constants determined from experiment, 
0 is the total temperature rise defined from equations (2.25) and (2.30) and a t is the 
normal stress on the tool-chip contact length. The model was tested against the actual 
experimental data and showed good accuracy with respect to the prediction. For the sake 
of simplicity, the model has assumed the a t parameter to be constant, however this 
parameter varies as the wear progresses. This could introduce some inaccuracies in 
prediction particularly where the crater depth is excessive.
Venuvinod, Lau and Rubenstein [124] presented a tool wear and life analysis in oblique 
turning operations using HSS tools. This mathematical model was based on the analysis 
of tool flank and workpiece contact temperature and its relation to the tool obliquity. The 
contact between the flank face and the workpiece was assumed to be continuous and the 
shape of the contact area was assumed to be a paralellogram. A semi-empirical model of 
surface hardness of a mild steel passing under the flank wear area of the tool is expressed 
by equation 2.32. The terms Hw, t2 and VB are the mean surface hardness of the work 
material in contact with wear land, chip thickness and length of the flank wear land 
respectively.
H w =163.2 + 7 9 12 seca„ + 1 (2 .3 6  VB) (2.32)
The relationship of the tool wear to the temperature in the flank wear contact 0fS is 
dependent on the cutting speed V and the uncut chip thickness ti. It can be related using 
equation (2.33).
0 fs = K 0 V E tj11 V B 8 (2.33)
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The terms s, r| and 5 are the constant power index and are determined from the 
experiment. Having established these relationships, the equation of tool life estimation 
can be derived as equation (2.34).
T 0 fS‘q = K ( X )  (2.34)
T is the predicted tool life in minutes, K(X) is a constant dependent on the tool obliquity 
and q is the heat flux on the contact length. These models were tested against the 
experimental data and have been reported to have good correlation. From the results of 
the experiment, it was found that there is a concomitant decrease of the material hardness 
due to workhardening as the tool obliquity increased.
Singh and Vajpayee [125] assumed a linear relation between the tool flank wear and the 
normal force in orthogonal cutting as expressed in equation (2.35).
N = Ah + C (2.35)
A is the slope of the linear curve between the length of flank wear h and normal force N 
and C is the constant. Since the flank wear is a function of velocity as well as 
temperature, the final correlation can be written as equation (2.36)
C (Ah + C)l~m (Ah + C)2" 11 C2-"1 K,V t A 2
1 -m  2 -m  m2 - 3 m +2  bR
m is a constant and Kj is a constant of proportionality, which takes into account the effect 
of temperature. This model provides good accuracy for the tool wear prediction based on 
the normal force for the orthogonal cutting process. However owing to the limitation of 
the model, where the values of some constants are not available (eg A, C and Ki),
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exhaustive experimental work has to be performed to obtain adequate data to determine 
those constants.
The value of wear may also be calculated or predicted indirectly, by developing a relation 
between the tool wear and cutting forces. From previous experiments [90-107], it was 
found that the cutting forces have a strong correlation with the tool wear. Elenayar and 
Shin [44] developed mathematical relations to model the ploughing force components 
based on the change of tool geometry due to flank wear and the finite radius of the cutting 
edge.
For this study, it was assumed that the temperature increase due to flank wear is 
negligible compared to the rise due to shearing and also flank wear has a negligible effect 
on the shear angle.
Figure 2.12 Indentation of tool nose into workpiece [44]
Figure 2.12 schematically shows the ploughing of a tool into a freshly cut workpiece 
surface. The maximum depth of penetration r\ of the tool to the workpiece can be found 
by an empirical equation (2 .37 ) as a function of cutting conditions that include of cutting 
speed V, depth of cut d and flank wear land W.
= 0.00067 d°7423 V 02115 (1 + 1.85yd159W) (2.37)
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Hence the total tangential stress on the flank face contact that includes the ploughing and 
flank wear effects can be described in equation (2.38)
° c = C 0 tiCi (2.38)
gc is the tangential stress on the flank contact surface. It was found from the experiment 
that the value of the constants Co and Ci are 5523 and 0.4197 respectively. Good 
correlation between the predicted force and experimental results was shown. Moreover 
the proposed model can be implemented to predict the force and wear relation for 
different types o f materials [44].
A dynamic state model of tool wear has been presented by Danai and Ulsoy [102], which 
was developed for an adaptive observer, used in on-line wear sensing in turning based on 
force measurements. The flank wear due to abrasion and the diffusion process is related 
using equations 2.39 and 2.40 respectively and crater wear using equation 2.41.
w f l= K 1 coscc —- 
f  d
(2.39)
w E = K 2 V v exp - k 3
273 + 0f
(2.40)
w c = K 4FV exp - k 5
273 + 0 c
(2.41)
The terms K l, K 2,..., K5 are the model parameters which are different for each piece of 
work and tool material. They are determined from the table presented by Masory and 
Koren [126], while 0f and 0C are the temperatures on the flank and crater area. The 
simulation of these models showed good agreement with the experimental results. 
However, these models depend on the model parameter data, which are only available for 
a few types of workpiece and tool materials.
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Ravindra, Srinivasa and Krishnamurthy [127] presented a multiple regression analysis on 
the flank wear based on the parameters of the three force components, the ratio between 
these force components (ie Fx/Fz and Fy/Fz), the resultant force, machining time and 
cutting parameters variation. The multiple correlations of the models have been reported 
to be as high as 0.9. However, there were significant disagreement between the actual and 
estimated flank wear value. This inaccuracy could be the result of the tool geometry 
variations (eg formation of crater wear) which was prominent in higher wear and which 
also influenced the magnitude of the forces.
Koren [128] proposed a model of flank wear based on the linear control theory. Flank 
wear was assumed to consist of both mechanically and thermally activated components. 
The wear process was mathematically treated as the feedback process, whereby the 
progressive wear raised the cutting force and temperature and hence increased the 
thermally activated wear rate and contributed to the mechanically activated wear. A 
mathematical model of the wear rate (2.42) and hence the tool life (2.43) due to these two 
mechanisms was also derived and verified by the experiment results.
W(t) = A(etv"/Cl -1) + B(1 - e*vt/C2) (2.42)
Ci and C2 are the constants determined from experiments, while A and B are defined by 
the system gain constant.
T = 3.11 x 10'3 /(o.45 e‘8900,(213+6) + 5 x 1 O'8 v ) (2.43)
It was argued by Rubenstein [42], based on an analytical model, that the tool life will 
increase as the parameters of flank wear criterion value, tool clearance angle, tool rake 
angle, efficiency of lubricant and coolant, tool hardness, tool thermal conductivity and 
thermal diffusivity of workpiece are increased. On the other hand, the value of uncut chip 
thickness, uncut chip width, cutting edge radius at the cutting tool, chip-rake face contact
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length, duration of tool engagement and hardness of the workpiece should be decreased to 
improve the tool life.
A number of models have been presented to develop comprehensive relations between 
the cutting parameters, tool failure and tool life. The objective of those extensive 
researches was to gain knowledge about the cutting mechanism such as cutting forces and 
cutting temperature, for the purpose of estimating tool condition. Such knowledge can 
enable one to take preventive action, so that undesirable consequences such as 
catastrophic failure can be avoided. Generally, the analytical solution or mathematical 
modelling can satisfactorily describe the desired output [47-52,123]. An analytical 
solution, however, requires good knowledge about the mechanism, which makes it hard 
to develop a model. Generally some assumptions have to be made to reduce the 
complexity of the calculation, which in return introduces inaccuracies. On the other hand, 
the empirical relations [120,121] are easier to derive by using linear or non-linear 
regression equations and these can be derived from experimental results. However, when 
the results from the experiment show erratic behaviour and exhibit a complex pattern and 
complex correlation, it is difficult to develop an accurate empirical model.
The problem with the tool wear monitoring is the complex interrelationship between the 
cutting parameters and the mechanism of tool wear. For example, cutting forces vary with 
several variables such as workpiece material hardness, homogeneity and cutting 
parameters. Poorly understood stress behaviours on the shear plane and tool-chip 
interface which are related to the friction and temperature distribution also contribute to 
the intricacy. Moreover, the joint effects of flank and crater wear are difficult to quantify 
and may significantly affect the cutting forces in an unpredictable manner. One 
alternative solution to this problem is to introduce additional features from the measured 
quantity to complement the information and compensate the inherent weaknesses such as 
the complexity of the force mechanism in the measured quantity, due to some poorly
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understood mechanism in cutting such as the built-up edge formation. Some of these 
approaches will be discussed below.
2.5 SIGNAL PROCESSING FOR ADDITIONAL FEATURES 
EXTRACTION
2.5.1 Spectrum Density Analysis
The spectrum density analyses have been used widely in signal processing techniques and 
also have been employed for tool wear recognition in the machining process 
[18,79,129,24]. This method involves transformation from the time domain to the 
frequency domain. A fast Fourier transform (FFT) algorithm is generally applied to do 
this transformation. Besides the frequency response, the phase angle can also be derived 
from this algorithm. However, in wear analysis this phase angle has a negligible 
information, since vibration take chance in a random manner [18,79]. Usually the level 
of energy in a particular frequency band is monitored over time and a significant increase 
in magnitude of density indicates tool wear or damage, due to the instability of cutting. 
The instability is caused by the flank wear formation, where the tool is blunt and loses its 
cutting edge. In this situation rubbing and tearing actions are more prominent and hence 
propagate vibration. A detailed explanation on the time to frequency domain 
transformation will be discussed in chapter 4.
Emel and Asibu [18] employed spectrum density analysis to process the AEraw signal 
from turning operation. The frequency distribution showed specific frequency response 
signatures for each tool condition such as progressive wear and chipping. Martin [79] 
proposed a method to monitor the vibration of a worn cutting tool by an accelerometer 
sensor. An FFT algorithm was employed to transform the signal to the frequency domain. 
The results obtained from the experiments showed that the frequency distribution in 
higher frequency bandwidth increased as the tool wore. Domfeld et al [19-21] have also 
applied this FFT algorithm for the extraction of additional useful features from the AE
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and force signals that were used as the inputs to the model based on an artificial 
intelligent neural network. Another more recent spectral density analysis has been 
presented by Dong and Stout [130] by employing a new algorithm of two dimensional 
fast fourier transform for surface roughness in three dimensions. A topographic feature of 
surface contour in three dimensions was derived from this method.
The spectrum density analysis has been found to be the most informative for monitoring 
tool failure in cutting operation [18,129]. That includes progressive tool wear, tool 
breakage and chip congestion. Moreover this method is flexible and can be incorporated 
with other signal processing methods to achieve a higher degree of accuracy, that can be 
easily combined with pattern recognition technique [29,128] and time series analyses 
[25]. The frequency transformation can be done by spectrum analysers, which is however, 
quite expensive. Alternatively the process can be done by using a low cost PC based 
program that utilises the FFT algorithm. However, in order to avoid the aliasing effect, 
careful attention has to be paid to the sampling method.
2.5.2 Pattern Recognition of Signal
Pattern recognition is one of the modem techniques that has been used widely for 
monitoring of the cutting operations [18,115,107,131]. In turning operations, most of the 
pattern recognition analyses utilise AE and force signals to classify the process. Pattern 
recognition can be defined as a categorisation of input data into identifiable classes via 
the extraction of significant features or attributes of the data from a background of 
irrelevant details [132]. A pattern class is a category determined by some given attributes, 
where a pattern can be defined as a description of any member of category representing a 
pattern class. A pattern recognition system consists of two phases, which can be termed 
the training phase and classification phase respectively. In the training phase, the weight 
coefficient is calculated by training the model using a training algorithm. In the 
classification phase, the trained model that consists of several linear decision functions is
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used to classify the incoming data into one of the predefined classes. The general 
equation for the linear decision function can be expresses as equation (2 .4 4 ) below.
d(X) = WjXj + w 2x 2 + ....+ w nx n + w n+1 (2 .4 4 )
W = (wi, W2, W3, ...w n+i) and X=(xi, X2, X3, ....,xn) are the augmented weight vector and 
augmented pattern vector respectively.
Damodarasamy [115] used feed and radial forces combined with the AE signal as the 
input signals to model the tool flank wear states in machining. In this experiment, three 
elements of the input vector feed force, radial force and AErms, were used in the form of 
X=(xi, X 2 ,  X 3) .  Three classes of output were selected as the decision objectives of the 
flank wear classification. Figure 2.13 gives an illustration of the pattern classification 
result that was applied to the radial force into those three classes.
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The model was successfully implemented and classified the input signal into the pattern 
classes, in which each class represents a particular range of tool wear. The accuracy of the 
model prediction was reported to range from 48 to 82 %.
Emel and Asibu [18] employed the pattern recognition analysis using a linear 
discriminant function to detect the tool wear, tool fracture and chip disturbance events 
using the frequency spectrum of the acoustic emission signal generated in the turning 
process. Four classes were specified to represent the classification objective, which 
consisted of sharp tool, worn tool, transient signals from chip and tool fracture. From the 
spectrum analysis it was found that the tool failure has a specific frequency bandwidth of 
100 kHz to 1MHz. Progressive tool wear was found to be dominant in the frequency 
range of 400 -  700 kHz, while catastrophic failure such as tool breakage fell into a much 
wider frequency range above 800 kHz. The results indicated a near perfect recognition 
rate for tool breakage, while the tool wear sensing achieved 84 to 94 %  accuracy.
Another attempt on pattern recognition techniques has been done by Balakrishnan, 
Trabelsi, Asibu and Emel [133], by using a multisensor strategy based on AE and force 
signals as the input parameters. The input vector consisted of four features from forces 
and 16 features from the frequency spectrum of the AE signal. The pattern classifier 
model classified the input pattern vector into one of the following four classes, which are 
sharp tool, worn tool, chip noise and tool breakage. The authors claimed a successful 
classification rate of 97% of tool breakage, 99% for chip noise and 94% for sharp and 
worn tools. Moriwaki and Tobito [134] used the pattern recognition technique to identify 
the condition of the coated tool into one of the three classes. The features consisted of 
mean value, coefficient of variation and skewness of the AE signal. It was reported that 
this model has quite reasonable accuracy.
The pattern recognition technique is one of tool failure sensing methods, where the input 
data which have similar behaviour or correlation are classified into the same class pattern.
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The class patterns are bounded by some decision functions that decide the classification 
process. Generally most of the models presented above showed good accuracy ranging as 
high as 99% [132]. However, pattern recognition technique is only good for classifying 
the condition of the tool such as worn, fresh or tool breakage occurrence but cannot 
determine the actual value of the tool wear. Moreover it cannot determine the failure 
mode on the progressive wear (eg whether the wear is on the flank face or on the rake 
face).
2.5.3 Time Series Analysis
Time series analysis has been used in the modelling of machining processes, such as in 
milling [30] and turning [135,136,118,137,138]. General time series models employed in 
the machining process are the autoregressive (AR), moving average (MA) and the 
combination between those two, autoregressive moving average (ARMA) process. The 
time series analyses are applied indirectly to the tool wear monitoring by modeling a 
series of signals from the cutting process (eg force or AE signals) over a period of time. 
Hence the model represents the signals behaviour under the influence of different 
quantities of tool wear instead of the physical mechanism of tool wear. A detailed 
approach on this method will be presented in chapter four.
Yao et al [118,135] employed a trivariate model based on the Autoregressive Moving 
Average (ARMA) to investigate the flank, crater and nose wear. The model was applied 
to the dynamic signal of the cutting force in oblique turning. Based on the model, a 
dispersion analysis was applied to extract features sensitive to the rate of various types of 
wear. This method successfully interpreted the failure mode based on the force signals. 
However, no information regarding the amount of tool wear could be derived from this 
model. Another work by Yao, Fang and Arndt [138] employed a similar approach by 
using an autoregressive model and dispersion analysis to detect and predict the groove 
wear formation on the cutting edge. A 3-D accelerometer mounted on the vicinity of tool
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tip was used to capture the vibration signals from the finish turning processes. The result 
showed a good prediction of groove wear which was found to induce vibration and hence 
reduce the tool life. Lombardo, Masnata and Settineri [137] used the autoregressive time 
series to detect the chipping for oblique turning processes based on the measurement of 
cutting and feed force. The model parameter and order are estimated recursively, in order 
to give the best adaptation when the cutting conditions change.
Time series analysis is one of process modelling techniques that has been used widely in 
process estimation. This approach does not require physical knowledge about the actual 
mechanism with good accuracy, therefore this model has been used for processes where 
the accurate analytical model is difficult to derive. To obtain an accurate estimation of the 
model parameters, sometimes laborious numerical iterations have to be performed. 
However with the vast development of low-cost PC based computers this problem can be 
minimised. Moreover, to obtain good accuracy in prediction, data has to be sampled 
appropriately to ensure the quality of the transmitted signal.
2.6 TRENDS AND DEVELOPMENT IN TOOL CONDITION 
MONITORING IN MACHINING PROCESS
The concern for the highest possible reliability, robust operating conditions, higher 
sensitivity to the phenomenon under observation and more informative monitoring data 
(ie rich measurement vectors) has stimulated the development of sensing methodologies 
for intelligent monitoring. According to a review paper presented by Byrne et al [2], 
sensors that are most frequently utilised for research on machine or tool condition 
monitoring can be illustrated in figure 2.14. The data for various types of sensor listed 
below were compiled from extensive reviews of published literature.
From figure 2.14 it can be seen that AE and force signals monitoring has attracted 
widespread attention for tool condition monitoring applications. These sensors are also 
employed in wider applications, compared to other sensors. Therefore the AE and force
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sensors can be regarded as the most informative sensors for monitoring the condition of 
tool and process. In order to improve the quality of prediction and computational speed, 
sensors can be integrated with some signal processing algorithms and artificial intelligent 
architecture for decision making.
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Figure 2.14 Sensors for research in Tool Condition Monitoring [2]
2.6.1 Multisensor Approach
Two or more sensors are sometimes combined together to complement each other, in 
which the weaknesses in one type of sensor is compensated by other sensors. Such a 
combination is part of the new monitoring strategy and is termed sensor fusion or 
intelligent sensor [2]. Likewise AE and force sensors have been combined together and 
employed to monitor tool wear processes [19-21]. Signals or data procured from multi 
sensors method have to be processed in such a way that the relationship or correlation 
between the objective parameter and signal behaviour can be established. This 
relationship can be in the form of pattern, trend or classification space, which is unique
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for a specific condition. For example, consider a signal processing technique of the 
spectral density analysis. As the tool wears, the vibration signals captured by the sensors 
would exhibit a higher frequency region due to cutting instability. The output pattern 
exhibited by signal processing techniques sometimes, may be complex and a direct 
interpretation or classification model is difficult to derive. For example, in tool wear 
prediction, where mean AEnnS and force spectrum are employed as the input parameters 
for the tool wear estimation, a correlation model between these parameters and the 
amount of tool wear is difficult to derive.
2.6.2 Artificial Intelligent Neural Network for Tool Condition 
Monitoring
Neural network is a new generation artificial intelligent architecture, which utilises a 
parallel computing process, which bears resemblance to the human brain thinking 
mechanism. Such a process has an advantage over the conventional algorithm of faster 
computational time with higher possible accuracy. This artificial intelligent system is able 
to recognise a complex pattern utilising past experiences and accumulates knowledge 
through learning. It is capable of accommodating noisy inputs. Multisensor and signal 
processing algorithms can be integrated with the neural network as part of the new 
strategies in tool monitoring [19-21,25,26]. More discussion regarding the applications of 
intelligent monitoring involving the use of multisensor approach and artificial neural 
network will be presented in chapter five.
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3.1 INTRODUCTION
Acoustic emissions can be defined as transient stress waves produced from energy 
released as a solid material undergoes plastic deformation or fracture. The signal produced 
in the machining process has some distinct characteristics. It is stochastic in nature and has 
a bandwidth frequency ranging from 100kHz -  1MHz [157]. The transient elastic stress 
waves are transmitted in the form of fluctuating analogue signal. AE can be related to the 
grain size, dislocation density and distribution of second phase particles in crystalline 
materials, detected during the metal deformation process. The energy contained in the 
acoustic signal and the energy dissipation rate are strongly dependent on the rate of 
deformation or strain rate, applied stress and volume of material. Thus a process can be 
monitored using acoustic emissions if the process can be directly related to one or more of 
the above parameters.
The earliest investigations of acoustic emission (AE) signal were carried out by Kaiser [3] 
to detect audible sounds created in metal deformation. From his study, it was found that 
plastic deformation in metal cutting occurred as the level of stress waves exceeded the 
elastic limitation of the workpiece material. Since then, AE signals have been extensively 
researched and have been employed in sophisticated non destructing techniques. Some 
significant AE applications in industry include [158]:
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• Continuous Surveillance of nuclear reactors
• Detection of initial fatigue in aircraft structures
• Detection of the collision of space vehicles by meteorites
• Determination of the incipience of stress corrosion cracking in structures
• Use as a study tool for the investigation of fracture mechanism and material 
behaviour
AE monitoring has also been employed in manufacturing processes which involve the 
detection of tool wear and tool fracture as well as surface integrity of the workpiece. 
Dunegan, Harris and Tatro [4] attempted to improve the AE monitoring technique by 
minimising the background noise, which for early workers resulted in some limitations 
due to the wide frequency range of AE. With the advancement of the signal processing 
techniques, a desired frequency band of AE signal can be selected and separated from the 
background noise.
AE signals are usually collected by a transducer, which then amplifies and transmits the 
signal to an oscilloscope, counter, RMS voltmeter, recorder or spectrum analyser. In this 
present study, the author employed AEnns signals for monitoring the cutting process and 
used it as one of the inputs to the neural network for wear prediction.
3.2 ACOUSTIC EMISSIONS IN MACHINING OPERATIONS
3.2.1 Fundamentals of Acoustic Emission in Cutting Process
Acoustic emission is a phenomenon arising from energy released as a material undergoes 
plastic deformation, which is attributed to the dislocation motion between the grains in 
crystalline materials [10]. The development of AE can be strongly related to the grain size, 
dislocation density and distribution of second phase particles in materials [2].
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The energy contained in the acoustic emission signal and the rate at which it is dissipated 
are strongly dependent on the rate of deformation (i.e strain rate), applied stress and the 
volume of the material [16]. Thus these three parameters mainly influence the magnitude 
of the AE signal generated. Any change in the signal can be correlated to these parameters 
according to a relation (equation 3.1) presented by Domfeld and Asibu [16] below:
dW = o-ijdeijdU (3.1)
Over the entire volume, the rate o f energy dissipated is given by :
W = | ic7ljè ijdU (3.2)
Where c , e and U represent the applied stress, strain rate and volume of material 
respectively.
In crystalline materials, the source of acoustic emission can be associated with the elastic 
deformation, which is recoverable after unloading and the irrecoverable plastic 
deformation process. The energy consumed in this plastic deformation process is 
converted to thermal energy during the process. Thermal energy can be considered as the 
main source for acoustic emissions, since it consists of the cumulative effect of a large 
number of dislocation phonons generated as they pass through the crystal lattice [206]. 
Phonon can be defined as the elastic strain, which is suddenly released to produce a 
vibrational wave in the lattice as dislocation process takes place. When millions of 
dislocations are occurring at the same time, these individual waves overlap and 
superimpose to give a detectable result that increase proportionally with the energy 
dissipated during the deformation process. The intensity of the AE signal is influenced by 
signal attenuation, which is controlled by the geometry of the specimen and material 
damping [66]. Thus the specimen shape and geometry determine the selection of sensor 
position and spacing.
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There are two types o f acoustic emissions resulting from the deformation process in 
machining (Figure 3.1). The first is high amplitude, somewhat erratic and has a low 
frequency bandwidth, called the burst emission. This type of emission is generally 
associated with surface events, such as slip line formation and surface microcracks. The 
second formation comes from lower amplitude, steadier and high frequency type signals, 
namely continuous signals. This is normally associated with the internal mechanism 
activity such as slip deformation of the crystal structure, which is generally observed 
during tensile test specimens.
The distinction between the burst and continuous AE signals can be used to distinguish an 
occurrence between plastic deformation and incipient fracture. The continuous AE 
measurements are widely used to build mathematical or empirical relationships between 
the cutting process and monitored signals, while the burst emissions are directly related to 
discrete tool deterioration events.
Figure 3.1 Continuous and burst emission of acoustic signal [157]
Dislocation motion is the major mechanism of plastic deformation in most crystalline 
materials which depends on the microstructure properties of materials. Thus acoustic
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emissions can be strongly related to grain size and dislocation density. Although AE is 
also generated in non-crystalline materials, however, understanding of the generation as 
well as modelling of AE in this material is still in its early stage of development. 
Nevertheless AE generated in metals gives one of the best indication of the physical 
changes occurring into the materials.
3.2.2 Sources of Acoustic Emissions in Machining
Acoustic emission signals in machining operations are generated by several sources. The 
sources of AE in machining are listed below and illustrated in figure 3.2:
• Primary deformation zone (shear zone)
• Secondary deformation zone (tool-chip interface)
• Tertiary deformation zone (flank-workpiece interface)
• Tool chipping and fracture
• Chip breaking occurrence
• Chip impinging or tangling around the workpiece
Chip breaking
Figure 3.2 Sources of acoustic emission signal
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The AE signal generated by the above mechanisms propagates through a solid material 
and can be collected by the piezoelectric transducer which can be mounted remotely on 
the tool. This allows the sensor to be protected from cutting interferences, such as flying 
chips and cutting fluid. However, since the sensor detects the incoming signal in a multi 
directional manner, for a finite thickness of material, total emission can be a combination 
of direct signal and several signals reflected between the grain boundaries of the material 
[158], which can cause time delay and loss of signal energy due to transmission. Hence 
the sensor cannot be placed too far from the cutting point where the main sources of the 
acoustic signals are located.
There are two basic mechanisms by which plastic deformation may take place in turning 
operations. These are termed the slip and the twinning mechanisms [43]. The slipping 
mechanism occurs when a plane of atoms slips over an adjacent plane under a shearing 
force (Figure 3.3), while the twinning mechanism occurs when a portion of the crystal 
structure forms a mirror image of itself across the plane of twinning.
Figure 3.3 Crystal structure at the deformation process [43]
In the turning operation the plastic deformation occurs in deformation zones, which are 
defined as the primary, secondary and tertiary zones. The primary zone, which is also 
termed the shear deformation zone, the fracture o f workpiece material occurs by
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compressive action exerted by the cutting tool edge. In this condition, shear stress and 
shear direction influence the chip formation, by heating and straining both the chip and 
workpiece material, as a result of metal structure dislocation [101]. Cohen [5,181] has 
found that the shear or primary deformation zone is the largest source of the acoustic 
signal, producing in excess of 75 percent of the total energy count rate. Acoustic emission 
in this deformation zone is closely related to plastic deformation in terms of inherent 
physical properties of the workpiece materials such as vacancy coalescence, incohesion of 
inclusions, phase transformation and abrupt fracture of the workpiece or cutting tool
[16,17]. The remaining 25% of AE sensed is comprised of AE generated in secondary 
deformation zone, tertiary deformation zone (friction between flank face of tool and newly 
created work surface), as well as due to chip breaking and impingement on the tool.
The secondary deformation zone consists of the sticking and sliding regions on the rake 
face. During cutting, the chip moves along the tool face from the cutting point and rubs 
the tool’s rake face before leaving the tool. This rubbing action on the chip induces the 
formation of crater wear on tool, which weakens the cutting edge and leads to the tool 
failure. Hence studies of the both shear and normal stress distribution on the tool face 
during the cutting process have been conducted by several authors [159-162] to obtain a 
better understanding of this mechanism. The AE signal generated in the secondary 
deformation zone is related to the tool-chip contact. The AE energy level in this zone 
represents the deformation process o f the chips, which sticks and slides on the rake face of 
the cutting tool. As the cutting progresses, the gradient of its RMS voltage in the sticking 
region increases rapidly due to the contribution of AE from the primary deformation zone 
[17].
In the tertiary deformation zone, the acoustic emission signal can be attributed to the 
friction process between the tool and workpiece. The AE signal level in this zone 
increases as the tool flank wear increases. The tertiary deformation of the work material is 
caused by the rubbing action between the tool flank and the workpiece. The sliding 
friction resulting from this rubbing action also weakens the cutting tool edge and produces
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the flank wear on the cutting tool. This flank wear causes the cutting edge to become blunt 
and consequently raises the cutting forces, as well as the temperature at the tool and 
workpiece interface [122,163].
The chip formation also influences the level o f AE. When the feed rate is high and the 
workpiece material is brittle, the cutting process tends to produce short and ‘comma’ 
shaped chips. In this situation chip breaking occurrences become the source of acoustic 
emission. When the feed rate is low and workpiece material is ductile, the cutting process 
tends to form a long continuous chip, which may tangle around the rotating workpiece. 
Acoustic emission in this case results from the chip impingement to the workpiece and 
rubbing actions between the chip and workpiece. However, under some circumstances the 
presence o f crater wear may change the chip geometry by curling the chip and making it 
long and continuous. The effect o f crater wear also tends to move the chip away from the 
cutting point and hence it prevents the chip-tangling occurrence, which consequently 
reduces the acoustic emission. The microcracking process on the cutting tool due to the 
abrasive process, tool chipping and breakage of the cutting edge also contributes to the 
acoustic signals. Other acoustic emission signals are come from the machine noise such as 
bearing and gearbox transmission [6]. Some AE signals are also generated from machine 
tool components such as gear box and bearing, however, the frequency of AE generated in 
machining operations is much higher compared to the AE generated by machine tool 
components. Hence AE generated by cutting operation are largely unaffected by the AE 
generated by machine dynamics [6,11].
Built up edge (BUE) changes the AE behaviour by changing the friction conditions o f the 
cutting process, since the sliding pair on the tool-workpiece interface is partly formed by 
two elements o f the same material. Built up edge increases the contact area in the tertiary 
zone resulting in increased AE generation, which is similar to that observed for increased 
flank wear. Hutton and Yu [164] studied the effects of BUE on AE generation in the 
turning process. Since the actual size o f BUE is difficult to assess due to instability, the 
BUE formations were classified as immature, periodic and developed. In the immature
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stage, there are occasional built up materials, followed by break off. As the size of BUE 
becomes greater, the variation in the size also increases. When the variation changes 
regularly, the BUE can be classified as periodic. Finally as indicated by the burst response 
o f AE, BUE grow rapidly and are terminated by fracture.
3.2.3 Advantages of Acoustic Emission Monitoring in Machining
Considerable efforts have been directed to explore the AE signal generation in cutting and 
its relation to the various parameters. Different views and perspectives have been 
presented by different researchers. Nevertheless the acoustic emission monitoring has 
been widely regarded as one o f the most reliable and robust in-process monitoring 
methods due to the following factors:
1. AE monitoring is suitable for an on-line monitoring system where continuous 
monitoring o f the cutting condition can be performed and thereby it does not require 
any machining interruption as in the off-line monitoring.
2. The AE sensor has very fast time response, hence AE monitoring ensures quick 
detection o f cutting condition in real time.
3. Since the AE signal has a fast time response, it can be used as a feed back parameter in 
the automatic control o f the machining process.
4. The AE signal can be derived into various AE features (AErms, AE mode, etc.), where 
multiple information can be obtained from one sensor.
5. A quantitative relationship between the signal and tool wear can be derived from the 
signal, based on the energy consumed by the deformation process.
6. There is less noise interference in lower frequency due to vibration, since the AE 
signal has a higher bandwidth frequency.
7. The sensor is compact and it can be located remotely from the cutting point, which 
eliminates the interferences due to chip and cutting fluid.
8. The ability o f the sensor to withstand dirty environments due to cutting fluid.
9. Commercial AE sensors are available and relatively inexpensive.
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3.3 ACOUSTIC EMISSION SIGNAL FEATURES
3.3.1 Raw Acoustic Emission
The raw acoustic signal (A E raw) is the acoustic signal obtained directly from the monitored 
system. The signal usually has a wide frequency bandwidth ranging from 100kHz to 
1MHz. High speed sampling rate capability is required for an analogue to digital converter 
to capture the signal. The raw acoustic signal in machining is a combination of distinct 
components which are related to the information about the cutting conditions such as 
cutting parameters and tool wear, as well as some noise components. The components of 
the raw signal can be represented in equation 3.3 below [7].
AE-rcas = (AEraw Xr ) + N  (3.3)
A E raw is the actual desired signal, A E meas is the measured signal from the cutting process, r 
is the transmission response which is related to the sensor location, and N is the signal 
noise component. The unwanted noise signal, N, however, can be neglected since the 
noise component is quite small compared to the actual A E raw signal. Also appropriate 
filtering is generally applied to eliminate these noise components from the measured 
signal.
A typical raw acoustic signal function is composed of damped sinusoidal and exponential 
curve components. The AEraw signal function can be applied by using the theory of 
alternating current circuits as has been presented by Teti and Domfeld [8]:
V(t) = V .e 'ktsincot (3.4)
Vi is the initial voltage o f AE signal, k is the damping constant and co is the angular 
frequency. Also it implies that co = , w here/a is the measured linear frequency per unit
time. The damping constant k can be represented in equation 3.5 below.
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y  _  2?I/a  (cos 2^ /a t)
sin 27i/at
(3.5)
3.3.2 Root Mean Square (RMS) of Acoustic Emission
Several features o f acoustic emission can be derived from the AEraw signal which include 
count, count rate, spectrum of AE, etc. However, the RMS has found a wide spread used 
compared to other features. One of the major problems encountered in the application of 
acoustic emission is the analysis or the interpretation o f the acoustic signals obtained due 
to the random acoustic emission process. This randomness can be attributed to the noise 
interference and signal transmission. The measured AE signal (AEmeas) from the cutting 
operation is nonperiodic, contains many frequencies and can not be represented by any 
explicit mathematical relationship [16]. Acoustic Emission signals, however, can be 
analysed if  the energy content o f the signal can be measured. One of the primary methods 
for quantitatively presenting acoustic emission is by measuring the Root Mean Square 
(RMS) value o f the signal. The RMS of an acoustic signal is one of the convenient 
measurements o f the energy content of the raw signal. Changes in process parameters such 
as the strain rate and volume of deformation can be related to the changes in the AErms 
voltage level.
The RMS value o f an AC signal is equal to the DC voltage that, if  applied to the same 
electrical circuit for the same period of time, produces the same energy dispersion as the 
AC voltage. The RMS of acoustic emission also implies the same principal. The A E ms can 
be quantitatively described by equation 3.6 below [17].
AErms
f  1 AT
7  J v 2 (t) dt
1
^ 2
TV  1  o
(3.6)
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The terms V(t) and AT are the signal function and time period respectively. The energy of 
the emission signal is then given by the equation 3 . 7  [16]:
- ^ 7  = (AEnns) 2 (3.7)
Considering the material is under constant stress and strain rate, the bulk deformation of 
the work rate is given by equation 3 .8 .
W = a ' s  V (3.8)
Acoustic emission is generated in the primary shear zone and on the tool -chip interface as 
well as in the interface between the tool flank and newly machined workpiece. Assuming 
that the portions o f plastic work deformation that produces AE signal and generates 
dislocations is always in the same ratio, thus combining equations 3.7 and 3.8 results in 
the following equation.
A E L = C ( g ' 8 V) (3.9)
C is the constant o f proportionality.
When the background noise of the monitored system is significant, the actual desired 
AEnns signal that contains the useful information can be represented by equation 3.10 
below.
A E ^ d 2 =[A Emsr 2 - A E ^ 2] (3.10)
AEimsfi ,̂ AEnns 7^ ^nd AEms^  are the desired, total measured and noise o f AErms signal 
respectively. The separation of the actual AErms signal from the total measured signal is 
not an easy task. However, Inasaki, Aida and Fukuoka [165] and Diniz, Liu and Domfeld 
[166] have found that the frequency response of an acoustic signal in the range from 1 0 0  
to 300kHz contains the most useful information of the cutting process. Thus, based on this
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finding, the noise interference can be reduced by applying a bandpass filter in this 
frequency region.
Monitoring the AE by using the root mean square of the signal has been found to be the 
most promising technique. It is known to have several advantages over the traditional 
methods, such as count and count rate techniques. Among of these advantages are [16]:
•  The smoothing of the acoustic emission data which facilitates the modeling of 
the data with an analytical function.
• The decrease o f the extreme sensitivity in the count rate method that 
corresponds to small changes in threshold level.
• The extreme sensitivity of the AE value due to small changes in the system’s 
electronic gain or in the transducer coupling efficiency is reduced.
• The AErms signal can be used to predict the energy consumed by the cutting 
process, since there is a relation between them (eq 3.7)
Also unlike the AE mode, A E ^  has been found to be sensitive to the burst-type of 
emission signal which is related to the rapid deterioration o f the tool caused by chipping or 
tool breakage. Some authors [9,66,134] have utilised the AErms to monitor tool breakage in 
the cutting process.
3.3.3 Statistical Analysis of Acoustic Emission Signal
The statistical analysis o f the AE signal in the cutting operation was attempted by Asibu 
and Domfeld [119]. This included the skew S and kurtosis K. Skew is the normalised third 
order central moment which is given by equation 3.11.
S = —j  |( x  - x)3/ ( x )  dx 
^  -00
M,
,M2 j
3
(3.11)
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The Kurtosis is the normalised fourth-order central moment given by equation 3 .1 2 .
K = - r  J (x -x ) 4/ ( x )d x
CT t (3.12)
The ith moment Mi can be calculated by the relation 3.13 below
1 ^
(3.13)
The skew measures the symmetry o f the function about its mean level while the kurtosis is 
a measure of the sharpness o f the peaks. The increase of the tool-chip contact area which 
is generally concomitant with the progressive wear, results in the increase o f both the 
skew and kurtosis. A high kurtosis value implies a sharp distribution peak, while a low 
kurtosis value implies a virtually flat characteristic [119]. It was found from the 
experiments that the values o f skew decrease as the tool wear increases while the values of 
kurtosis decrease.
3.3.4 Others Common Features of Acoustic Emission Signal
Other features that are commonly used to extract additional information from the acoustic 
signal are as follows:
1. Count and Count Rate.
AE Count is the number o f times the AE signal exceeds a preset threshold voltage 
level. The number o f times the AE signal exceeds the preset threshold for a given 
period o f time is termed count rate (Figure 3.4). This method has been used by Teti 
[10] to study the tool wear development during metal cutting. It was found from that 
study that the Count and Count Rate increased almost linearly with the increase of
flank wear.
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1 event and 2 l event and 3 counts
counts
Figure 3.4 AE Count and Count Rate measurement
2. Frequency spectrum  of AE signal.
This method involves transformation from time domain signal into its frequency 
response representation. The transformation can be done by using either hardware or 
software. A spectrum analyser is the commonly used device in the performance of 
this transformation. Alternatively, a mathematical program based on the Fast Fourier 
Transform (FFT) algorithm can perform the same task. Emel and Asibu [18] 
employed this method to derive the frequency response representation of the AE 
signal. It was found that a distinct pattern of frequency distribution corresponded to a 
degree o f tool wear.
3. Time series analysis of AE signal.
The time series analysis involves parametric modeling and representation of the 
dynamic AE signal by a set of complex equations. The common time series analysis 
methods used to describe the dynamic signal are Autoregressive (AR), Moving 
average (MA) and Autoregressive Moving Average (ARMA) as the combination 
between those two. Liang and Domfeld [136] have applied this method based on the 
AR process to model the dynamics of the AE signal and related it to the tool wear.
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4. AE mode.
The AE mode is a parameter obtained from filtering the AE signal. It represents the 
DC component o f the AE signal. It also implies that the square value o f the AE mode 
is proportional to the energy contents o f the continuous type o f AE signal which is 
generated in the three deformation zones. Blum and Inasaki [65] used the AE mode to 
monitor the cutting process in orthogonal turning. The AEraw was first full-wave 
rectified and then used to compute the probability density function o f the AE 
amplitude signal for various frequencies. The AE mode for a specific frequency 
region was then determined from this distribution. The AE mode feature is derived 
from the continuous component o f the AE signal and hence it has minimum 
interference from the randomly occurring burst-type signals. Thereby, this AE feature 
carries the information of what mainly takes place in the cutting zone. However, since 
the feature is derived from the continuous AE component only, this feature lacks the 
sensitivity for abrupt changes in cutting conditions, such as tool breakage or chipping. 
Also the mathematical model presented above considers only the first and second 
deformation zones.
5. Homographie process.
Homographie process o f a detected AE signal separates the AE source 
characterisation and signal path transmission effects [7].
3.4 QUANTITATIVE MODELS OF ACOUSTIC EMISSION
An early model o f Acoustic Emission was developed by Domfeld and Asibu [16] based 
on the relationship between the RMS voltage of AE and the fundamental cutting 
parameters. This model is presented as follows.
AErms = C
x rc cos« Vw u  
s sin(|) Ay
(3.14)
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Ay is the shear plane spacing. It is taken generally as 0.025 > Ay > 0.0025 mm for carbon 
steel. U is the volume o f the slipline field. The model provides a good relationship 
between the energy expenditure in the primary deformation zone and AErmS voltage, 
taking into account the variation of the rake angle and cutting velocity. It also implies that 
changes in process parameters, such as the strain rate and volume, are followed by change 
in AEj-ms voltage level and characteristics. Acoustic emission data recorded from the 
orthogonal cutting experiments reveal a dependency of emission energy on the cutting 
speed and strain rate. This model, however, did not explain the AE signal generation in the 
secondary deformation zone.
A continuation o f the above study was also presented by Asibu and Domfeld [17]. In this 
research, in addition to the shear zone deformation, the generation of AE signals in the 
secondary deformation zone was also considered. The behaviour in the tool-chip contact 
area was based on the principle presented by Zorev [162], which employed the power law 
in the tool-chip interface using the relationship of normal load and friction force. In this 
study, the lengths o f the sliding and sticking zone were assumed to be equal. It was also 
assumed that the normal stress on the rake face has an exponential distribution, the 
maximum being at the cutting edge and zero being at the point where the chip leaves the 
tool. However, the friction stress which was assumed to be equal to shear strength of work 
material, remains constant in the sticking zone and then linearly decreases to zero at the 
point where the chip loose contact. Based on this assumed stress distribution on the tool 
rake face, the energy rate of deformation in the primary as well as the secondary 
deformation zone was derived as follows.
i_
2 (3.15)A Ems = C sino,uns Tkb,U
c o sa  1 „  . sinò
------------------------tj + - ( /  +  2 / j ) ---------- -—
sin<|> cos(<|) - a )  3 cos(<|> - a )
A series o f orthogonal cutting tests were performed to verify the model. The results 
indicated that this model provides good prediction of AE signals generated in both
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primary and secondary zones. However, this model assumed that the tool is always 
perfectly sharp and the effect o f tool wear was neglected. The AE generated in the tertiary 
deformation zone was not considered in the model. The signal attenuation constants were 
also not considered for each deformation zones. Moreover, the seize ratio on the tool rake 
face was not properly estimated. Also, if  the value of the given rake angle is zero, the 
model will yield zero AErms value, which is not true.
Schmenk [11] modified the above model by assuming a relationship between the tool-chip 
contact length and the uncut chip thickness. The model was verified by experiments that 
utilised artificially worn and sharp tools. It was stated that the length of sticking zone is 
equal to the uncut chip thickness and the total contact length between the tool and chip is 
equal to the double o f uncut chip thickness at zero rake angle. The model can be expressed 
by equation 3.16 below.
AErms = Ci
V i
cos<|> sin <|)
+
(/ -h 2 /j ) sin <j> 
3tl
(3.16)
Lan and Domfeld [12] presented an AE model derivation involving the tool wear effect. 
The AE generated at the tool and workpiece interface is a function of Xf, b and U, where Xf 
is the average frictional stress at the interface. The value of the frictional stress was 
derived based on the initial mechanical properties o f the workpiece material as well as the 
strain hardening effect as the material undergoes plastic deformation. In this model the 
signal attenuation constant in each deformation zone was calculated. The signal 
attenuation constants were derived to compensate for the loss o f signal during 
transmission from shear zone and tool-chip interface to the sensor and noise interference. 
The model can be expressed by equation 3.17.
AErms = C l Tkbu
cosa A
sin<() cos(<|) - a )  j
t, + C 3 — (/ + 2 /, ) Sln<l> ■ 
1 3 3 cos(<|>-a)
+ C4W
(3.17)
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W is the length o f flank wear and Xk which is the shear strength of the workpiece, was 
assumed equal to Xf. Ci, C2, C3 and C4 are the signal attenuation constants and m is the 
material dependent constant.
Park and Saini [13] recently presented an AE model based on the orthogonal cutting 
process. The model is valid for new tool inserts and considered the AE generation mainly 
on the primary and secondary zone. The model is presented below (equation 3.18).
AEnra= C x„bv C l
f  cosa
+ C2 ■
2 m f sin(<|) + ß -  a )
sin<|) cos(<|> - a )  (n + 2 ) cosßcos(<|) - a )
(3.18)
It was assumed that the frictional stress in the sticking zone is equal to the average 
dynamic shear stress o f the work material. Frictional stress in the sliding zone decreases 
exponentially and depends on the variation in the cutting parameters. The seize ratio of 
sliding and sticking zones was calculated using the spandrel formula. For the signal 
attenuation constants a statistical method was used.
All the models presented above were developed for the orthogonal cutting process. In a 
real-life industrial situation, oblique cutting is more predominantly employed. However, 
the oblique cutting mechanism is more complicated than the orthogonal one. For the 
oblique turning process, the cutting edge is at an angle relative to the cutting velocity’s 
direction. Thus the deformation process in oblique cutting occurs in three dimensional 
planes.
Liu and Liang [98] developed an analytical model o f AE signal based on the signal energy 
calculation for a peripheral milling operation by using an oblique turning process (eq 
3.19). It was assumed that the frictional force on the tool flank is proportional to the shear 
strength o f the workpiece material, the width of cutting edge and the wear land.
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E = T  V t bs wn
cos a e cosrj. f
C 5xsVwbW
cos((|)e - a e)cosan sin<|)e cos2/ 
1
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sinßsin(|)(
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(3.19)
In the tool-chip contact region in the secondary zone, the stress distribution on the tool 
rake was not considered to consist o f two different zones (ie. sliding and sticking zone). 
Moreover the signal attenuation constant in each zone was not calculated.
3.5 USE OF ACOUSTIC EMISSION FOR TOOL WEAR AND 
CUTTING PROCESS MONITORING
3.5.1 Relation Between Acoustic Emissions and Tool Wear
Early work on the application of acoustic emissions in tool wear monitoring was done by 
Iwata and Moriwaki [157]. A spectrum analyser was incorporated in the cutting 
experiments, and it was found that both the frequency spectrum of the AE signal in higher 
bandwidth and the AE^s increased as the tool wear progressed. The acoustic emission 
signal level was tested against three different cutting speeds and was found to increase as 
the cutting speed increased. The acoustic emission count and count rate measurements 
also revealed that the count and count rate increased almost linearly with the increase of 
the flank wear. This work, however, only covered one parameter (i.e. only the variation of 
cutting speed). Nevertheless this work has made a significant contribution to the evidence 
relating AE signal characteristics to tool wear in turning operations.
Emel and Asibu [18] used a pattern recognition technique based on the raw AE signal, 
which involves spectrum analysis in the frequency domain with linear discriminant 
function (LDF). The frequency characteristic exhibited by specific wear values was used 
to classify the wear stages on the cutting tool into fresh and worn tool. An improvement
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on this work has been attempted by Houshmand, Herrin and Asibu [15], by presenting a 
dynamic model of acoustic emissions based on the quadratic discriminant function (QDF). 
A slight increase in the average accuracy from 73% to 74% was achieved by this method.
Matsuoka, David and Tse [167] developed an on-line monitoring of wear due to abrasive 
process based on AErmS monitoring. The experiment was designed using specially 
designed plates and ring with tape cassette, as depicted in Figure 3.5. In this model, the 
energy in the AE signal is directly related to the energy required for material removal in 
the abrasion process. From the experimental results, it was concluded that the AErms is 
directly proportional to the power required to remove material in the abrasion process. 
This concurred with the previous finding by Asibu and Domfeld [16]. Also it was claimed 
that the tool wear volume can be estimated and monitored indirectly, using AErms signal 
without direct measurement of wear value. The experimental setup was, however, far from 
the realistic cutting condition setup where the generation of the AE signal was not merely 
from the abrasion mechanism but also from other mechanisms such as shearing and chip 
collisions, which create a complex relationship between the different factors.
Figure 3.5 Experimental setup of AE monitoring by Matsuoka et al [167]
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Waschkies, Sklarczyk and Hepp [168] presented tool wear monitoring based on the 
analysis o f the continuous AE signal during the cutting process. The continuous AE signal 
was characterised by the average signal level (ASL) and crest factor (C) which can be 
represented by the equations below.
ASL = i j | A ( t ) | d t  = n o0 5 t V w W (3.20)
C =
A m a x
ASL 3/2n.
J _____
tV  Ww
(3.21)
A(t) is the signal amplitude at time t o f the AE signal, and no is the area density of the 
contact points between the workpiece surface and the tool. The value of no was determined 
from the experiments and it was assumed to be constant for uniform flank wear. The AE 
signal was measured using a piezo-electric AE transducer mounted on the toolholder. This 
model was, however, very simple and did not consider the acoustic emission generation in 
the primary shearing zone and tool-chip interface as well as the chip breaking occurrence. 
Only the acoustic emissions due to the friction in the tertiary zone were considered.
Besides monitoring the progressive tool wear, the AE monitoring has been used to detect 
tool breakage which could lead to catastrophic failure [9,169,170]. Rice and Wu [169] 
presented a method of monitoring the catastrophic tool fracture by AE signal combined 
with the physical model o f a cracked tool to give an estimate o f the spatial energy release 
rate. They also stated that monitoring the energy release rate is found to be strongly 
correlated to the crack development on the cutting tool. Burst AE signal energy prior to 
and leading up to fracture were analysed for crack advancement detection. From the 
experimental results, it was found that the energy release rate o f the AE signal increased 
exponentially as fracture approached. A stepwise increase o f the AE signal was observed 
after tool fracture [170]. This is caused by sudden increase in the contact area between the 
workpiece and cutting tool due to tool fracture. By setting up a certain level of threshold, 
small tool fracture occurrences up to 0 .1mm2 can be detected successfully.
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Diei and Domfeld [171] presented details o f a study of the fundamental nature o f the high 
amplitude acoustic emission signal generated during the complete breakage o f the cutting 
tool. AE was employed to detect the instant o f crack propagation in pre-notched 
specimens. From the results o f the experiment, it was concluded that a significant burst of 
acoustic emission is generated at the instant o f tool fracture. There was a good agreement 
between theoretical prediction and experimental results in the turning operations.
Some models have been presented to relate the monitored AE to the tool wear in cutting 
conditions. However, due to the complex relationships in the cutting mechanism such as 
the formation o f BUE, the nature of acoustic emission itself and noise disturbances, an 
accurate and reliable physical model is difficult to derive. Hence, it was only parametric 
and statistical relationships, which can be derived from the monitored system. 
Nevertheless, an AE sensing technique for tool condition monitoring appears to have 
consistency and quick response in time. It was also found to be more sensitive compared 
to the force measurements for detection of both the progressive tool wear and tool 
fracture.
3.5.2 Relation between Acoustic Emission and Workpiece Surface 
Roughness
Surface quality is defined by the interior condition within the surface layer, which is 
termed surface integrity, and the second definition is by the surface texture [147]. 
Generally surface texture which incudes surface roughness, waviness, flaws and lay has 
been widely accepted as the criterion which controls the quality o f a surface. Surface 
roughness, particularly, has been quantitatively related to many other properties in 
machining, such as cutting parameters (feed and depth of cut) and tool wear.
Surface roughness is generally measured by using an optical device [151-156] or by using 
a stylus probe. Stylus measurement implies tracing the workpiece surface by a touching
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stylus probe, which is one o f the common methods used in measuring surface roughness 
[148-150].
In a turning operation, especially for finish turning, the tool replacement is defined by 
either workpiece dimension or surface roughness, since the tool wear and machining 
condition are not aggressive enough to fracture the tool. Therefore it is essential to 
establish a strategy for a tool life criterion based on the surface roughness quality. Since 
the increase o f tool flank wear value generally increases the surface roughness, and, as 
stated previously, that acoustic emission has been successfully implemented in tool wear 
monitoring, it may be applicable to monitor the increase in surface roughness by AE 
sensor as well.
Surface roughness is mainly influenced by the feed rate, depth of cut and tool nose radius 
when the tool is new. At higher flank wear, rubbing actions, tearing and ploughing effects 
generally increase the value o f surface roughness, along with the effect of cutting 
instability due to chatter and vibration. The abrasion process generated by flank wear may 
however reduce the surface roughness by removing the hard spots on the workpiece 
surface that can be caused by the strain-hardening process. The surface finish in 
machining depends also on the chip formation, where discontinuous chip formation can 
cause cracks to extend into the finished workpiece creating force fluctuations which 
deflect the tool and hence form ridges on the machined workpiece as well as introducing 
tool vibration [6 6 ]. Continuous chip with built up edge may also cause the surface finish 
to deteriorate since the built up edge is unstable and fractures periodically, thereby 
contributing to the force fluctuation and the associated effects outlined above. The 
relationships between these factors are very complex and hence are difficult to quantify. 
Therefore it is difficult to construct an accurate and reliable analytical model based on 
these relationships.
Diniz et al [166] presented an empirical relationship between AE and the surface 
roughness based on experimental results o f the turning process on AISI 1045 steel. From
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the experimental results the measured surface roughness value (Ra) was found to increase 
almost proportionally with the flank wear and hence with the AEnns value. Surface 
roughness was also observed to increase the scatter o f AErms value (ie. standard 
deviation) for all cutting conditions. Groove wear and tool nose deterioration surprisingly 
did not develop on the cutting tool, therefore the effect of the tool nose on the surface 
roughness in this experiment was negligible. It was also shown that the feed rate has more 
influence on the surface roughness than other cutting parameters such as the cutting speed. 
This work has demonstrated the validity o f the implementation of acoustic emission in 
surface roughness measurement during cutting.
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4.1 INTRODUCTION
4.1.1 Signal Acquisition
This chapter will emphasise the signal acquisition and various digital data processing 
techniques to derive signal features which can be more usefully employed to estimate the 
tool wear or to give an indication of the tool condition. When a continuous signal from a 
sensor is broken up into a series of discrete numerical amplitude at certain time intervals, 
this signal is called a time series. Most transducers produce analog signals as their 
outputs, but the computer needs each data point in binary coded form. This requires that 
the signal be sampled at equal times and digitised. A process to obtain this time series 
from that continuous process is called a sampling process. In sampling a series of data, 
the frequency bandwidth of the sampled signal has to conform to the Nyquist frequency 
criterion, where the maximum frequency exhibited by the process has to be less or equal 
to half o f the sampling speed.
f  nax ~ rs ./sampling (4.1)
This is necessary to avoid the effect o f aliasing, which is generated from inadequate 
sampling speed (fig 4.1). Aliasing is an unwanted effect since the data obtained does not
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represent the actual process and hence the signal cannot be reproduced when the signal is 
converted back to analogue. To avoid this effect, the sampling speed should be increased 
or a filter can be applied to a specific bandwidth.
Apparent
For this research, force dynamometer and acoustic emission sensors were employed to 
monitor the cutting processes. Signal processing techniques such as Fast Fourier 
Transform (FFT) and time series analysis were then applied to these acoustic and forces 
signals, in order to extract additional features. These features as well as other signal 
parameters derived by statistical analysis of the signal were included in the input to the 
neural network for estimation of tool wear and workpiece surface roughness.
Force dynamometers are the most widely used sensors in the area of machining process 
monitoring. Commercial dynamometers provide the most accurate measurement of 
cutting forces. A commercial dynamometer consists of four 3-D piezoelectric force 
transducers fitted under high preload between a base plate and top plate. Such transducers 
are very stiff and have a large measuring range. This piezoelectric transducer produces 
e.m.f under application of various forces. This e.m.f is then collected, amplified and 
measured as a force. Any increase in tool wear will cause increase in force components, 
which can be easily detected. Usually the tool chipping produces burst signals in one or 
several force components. However these signal characteristics, which are related to the 
force behaviour, are dependent on the cutting condition, workpiece and tool material.
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Acoustic monitoring is used here for detection of the tool breakage and progressive tool 
wear signal. The acoustic sensor is selected mainly for its sensitiveness to the cutting 
condition and the piezzoelectric transducer can be placed remote from the cutting area. 
One common feature that is widely used for the monitoring process is the RMS value of 
acoustic emission. This value is more favourable because o f its sensitivity to the tool 
breakage and progressive wear. It does not require fast digital to analog data lodger for 
the signal acquisition, since this signal has a low bandwidth frequency. Another type of 
acoustic signal data is the raw signal, which has a very high bandwidth frequency and 
hence it requires a faster sampling rate.
4.1.2 Stationary Random and Non-Stationary Random Process.
Random processes have been encountered in many physical and engineering problems. 
Generally a random process is a time or space varying quantity and it is denoted by X(t). 
A random process has many random characters which cannot be determined precisely by 
any theoretical methods. The only way to describe its behavior is to specify each 
character o f the possible value. The random process in real life may arise from these 
situations, as described by Priestly [172]:
• The physical system that generates the process may itself posses inherent random 
elements. An example o f this situation in machining operation is the stochastic 
process o f raw acoustic emission signals that are particularly generated by chip 
breaking occurrences, which are random in nature.
• The system may be basically deterministic but its complex nature results from 
external factors that influence the system in such a way that the behavior o f the 
system becomes impossible to describe precisely. This can be illustrated by the 
influences o f poorly understood friction mechanism and the built up edge (BUE) 
formation on the calculation of cutting force.
• Although the system is completely deterministic, the data may be contaminated by 
noise. As an example, consider the experimental measurement o f acoustic emission
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signals in turning process by a piezoelectric transducer. The signals captured by the 
transducer are not always solely a result of the cutting operation, but the machine 
noise signal due to gearbox and bearing may also interfere with those acoustic signals 
[6].
However a random process can also be divided into stationary and non-stationary 
process. A stationary random process can be defined as a process where the statistical 
properties o f the process do not change over time, which generally arises from a stable or 
steady state system. Such behaviour has constituted most o f the engineering applications 
of random process. Moreover most o f the signal processing techniques which are 
generally employed for a random process in real life are dealt with these kinds o f signals. 
Mathematically, a time series is said to be strictly stationary if the joint distribution of 
X(ti),...., X(tn) is the same as the joint distribution of X(ti + k),-.-., X(tn + k) at lagging k  
(where k  = ±1, ±2, ±3,....). In other words, shifting the time origin t by a value of k  has 
no effect on the joint distributions for any value of n.
4.2 SIGNALS ANALYSIS IN FREQUENCY DOMAIN
4.2.1 Digital Filter Design
A filter is a system that selectively changes the wave-shape, amplitude frequency or 
phase frequency characteristics of an input signal in the desired manner [173]. Common 
filtering objectives are to improve the quality o f a signal by suppressing the noise so that 
the information extracted represents the actual process with minimum disturbance. A 
digital filter is a mathematical algorithm that is applied to digital input signals to achieve 
a filtering objective, which is generally defined by the frequency response characteristic. 
Some o f the advantages o f using a digital filter can be listed as follows:
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• Unlike an analog filter, a digital filter does not vary with environmental change, such 
as temperature change and humidity, and hence it does not need any calibration.
• Frequency response o f a digital filter can be easily adjusted by changing the variables 
in the program.
• Several input signals can be filtered by a single digital filter instead of using multiple 
analog filters.
Digital filters are broadly divided into two classes, namely the Finite Impulse Response 
(FIR) and Infinite Impulse Response (HR). For the present research, the HR filter was 
selected because this filter has a characteristic o f sharp frequency cutoff, high throughput 
while providing fewer coefficients, and where the phase angle distortion can be neglected 
as suggested by Ifeachor and Jervis [174] and Martin [79]. A brief description of the HR 
filter design is presented below. Detailed discussions about the HR filter are available in 
some literatures [175,176]. In recursive form, the input and output o f an HR filter can be 
expressed by the equation (4.2).
o N M
y(n) = £ h (k )x (n -k )  = £ a kx (n -k ) - £ b ky(n-k),
k=0 k=0 k=l
where k =0,1,2,.... (4.2)
ak and bk are the coefficients o f the filter, and the output y(n) is a function of past output 
as well as a function of present and past input samples.
Alternatively the equation (4.2) above can be represented by its transfer function of:
H(z) =
Z a kz-k
k=0______M
1 + Z bkz 'k
k=l
(4.3)
Thus to obtain an analog transfer function H(s), a classical analog filter such as 
Butterworth, Chebyshev or elliptic function can be employed to obtain the frequency
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response representation. In order to understand the filtering process of a signal, consider a 
signal in figure 4.2 (a) which is sampled at 1000 Hz and subjected to high frequency 
disturbance. A digital filter based on an elliptic function which has a frequency response 
described by figure 4.2 (b) is then applied to remove this disturbance. Figure 4.2 (c) 
illustrates the signal after filtering is applied.
Time signal with igh frequency noise Frequency Response of the Filter
(b)
Time domain signal after iltering
Figure 4.2 (a) Time signal with high frequency disturbance (b) Frequency response of
the filter (c) Time signal after filtering
4.2.2 Time to Frequency Domain Transformation
The time to frequency domain transformation or spectral analysis is a method of 
estimating the spectral density function of a given time series. In time to frequency
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transformation, voltage versus time becomes magnitude versus frequency or phase versus 
frequency transformation. These two domains o f time and frequency provide 
complementary information about the same data. Thus, sometimes, information can be 
obtained by inspecting the data in another domain. In a machining operation, time to 
frequency transformation has been employed to identify abnormalities in machining 
operations such as tool wear [19-21,24,177] and chatter vibration [178], Both tool wear 
and vibration degrade the workpiece surface quality and vibration can affect the machine 
tools structural integrity, if  the machine natural frequency is excited by the vibration.
The Discrete Fourier Transform (DFT) and Fast Fourier Transform (FFT) are the most 
commonly used for the spectral analysis. This algorithm required less computational time 
and has achieved a high degree of familiarity and development as well as a wide range of 
applications. This spectral analysis is a modification o f the Fourier analysis so that it can 
be applied to the random stationary process rather than the deterministic series. This 
technique is basically concerned with the approximation of a function by a sum o f sine 
and cosine terms.
4.2.2.1 Discrete Fourier Transform (DFT) Algorithm
Discrete Transform provides an important mathematical relation between the time and its 
frequency domains. The FFT algorithm is a modification of the DFT algorithm, where 
the computational time is faster in FFT. For this research, the FFT algorithm will be 
used to characterise machining processes with particular conditions. In order to give a 
better understanding of this FFT algorithm, a description of the DFT algorithm is 
presented here.
A fourier transform F(jo) can be defined by the relation in equation (4.3):
00
F(jco) = J f ( t)e iM dt (4 3)
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F(jo) is a complex number and is known as the fourier transform. Also F(joo) can be 
written as :
F ( ja )  =  Re(j<D) +  j Im (jo)) (4 .4 )
then
I FG<d)I =  [R e2(jco) +  Im2( j o ) ] 1/2 (4.5)
This |F(jo)| has a unit o f volts per hertz. Therefore |F(jo)| is called the amplitude spectral 
density.
In practice, Fourier components are obtained by digital computation instead of analogue 
processing. This is because the analogue waveform consists o f infinite continuous 
numbers, hence it is impossible to represent all those points. Thus the analogue signals 
have to be sampled at regular intervals and the sample values are then converted to a 
digital representation by using an analogue to digital (A/D) converter. Provided that the 
number o f samples recorded per second is high enough, the waveform will be adequately 
represented. According to the Nyquist sampling frequency criterion, the theoretically 
necessary sampling rate is 2.fmax where fmaX is the highest possible sampled frequency.
Now if  we assume that a waveform has been sampled at a regular time interval T which 
produces the sample sequence of x(nT) = x(0), x(T), x(2T), . . .,x [(N-l)T] where N is the 
number of samples from n=0 to n == N -l. The discrete form of the fourier transform of 
this series is defined by complex values of Df(kil) = Df(0), Df(il), D f(2il),..., Df[(N-l)£2] 
where Q  is the first harmonic frequency given by D = 27t/NT. Thus the term Df(kQ) has 
real and imaginary components for the kth harmonic. Similarly this discrete fourier 
transform can be written as :
Df(kil) = R(kQ) + j I(ki2) , and (4.6)
| Df(kQ)| = [R2(kD) + I2(kfi)]1/2 (4.7)
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or
D f (kfi) = Fd [x(nT)] = ¿ x (n T )  e 'ikC3nT, wherek = 0 ,l ,2 , . . . . ,N - l  (4.8)
n=0
where FD denotes the discrete fourier transformation. This equation can be seen to be 
analogous to the equation (4.3) above, where f(t) = 0 for t  < 0 and t > (N -l)T  by replacing 
f(t) with x(nT), kD = co and nT = t, so that those two transforms have similar properties. 
Also by substituting dt with T and replacing the integral with the summation [174]:
N-l
2  x(nT) e 'ikfi“T T = F(jco)
n=0
(4.9)
for 0 < t  < (N -l) T. This comparison eventually reveals that :
F(ja>) = T Df(Qk) (4.10)
This shows that the Fourier transform is related closely to the DFT components by the 
sampling interval T and hence it can be obtained by multiplying the DFT components by 
the sampling interval.
4.2.2.2 Fast Fourier Transform Algorithm
The FFT is a modification o f the DFT algorithm where the computational redundancy is 
removed, hence speeding up the computational time. Consider the equation (4.9) above, 
where the time interval T is assumed to be unity and hence the sampled time series for a 
regular interval T can be written as:
X(nT) = X (n), wheren = 0,1,2,.... ,N -1 (4.11)
And, hence, knowing that f2 = 2tc/NT
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hence the equation (4.11) above can be re-written as:
N - l
D f (k fi)=  ¿ X e - * ” ™, wherek = 0,1,2, -1
n=0
(4.12)
Also a notation o f Wn is introduced to represent the term e'j27c/N, so that equation (4.12) 
becomes:
N - l
D f (kO )=  2 ] x n WNte where k = 0 ,1 ,2 ,...,,N -1 (4.13)
n=0
Also defining some properties involving the term Wn [174]:
W 2 = = =
(4.14)
and
W 0 c + N / 2 ) = w k  w N / 2  =  w k e - j ( 2 ^ N » K 2 )  =  = _  w k  ( 4 .  J 5 )
The data sequence is then divided into two equal sequences where an augmenting zero 
would be added if  the original signal consisted of odd number o f data. Hence the even 
numbered data sequences correspond to the data series o f X(0), X(2), X(4), ... .,X(n-2) while the 
odd data series correspond to x<i), X(3), X(5), .. .,X(n-iy Both the odd and even series have an 
equal number o f N/2 points o f data, where the series are designated as X(2n) and X(2n+i)for 
the even and odd series respectively, where n = 0,1,2,...,N/2 -1 .
The equation (4.15) above can then be written as:
N / 2 -1  N / 2 -1
D f (kO )=  2 > (2n)W r  + X X(2n+0Wr 1,k 
in=o________i __________ i
even series odd series
N / 2 -1  N / 2 -1
= 2 > (2 n )W r + W 5 £ x ( * +1)w r ,  k = 0 ,l ,2 ,.. . . ,N - l  (4.16)
n=0 n=0
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Using the relation given in equation (4.14):
W.21* = W 1*vv N vv N/2
Hence the equation (4.16) can be replaced by the equation (4.17) below:
N/2-1 N/2-1
Df (kD) = 2 > « w W *  + w j  £ x (2n+1)W* , k =0,1,2,.. . ,N -l (4.17)
n=0 n=0
Therefore the DFT series can be represented as two DFT of the even and odd sequences
nk
and the term o f W n/2 exists in both sequences, which require calculation once only and 
hence speed up the calculation. Since this Fourier Transform has a real and imaginary 
part as described by equation (4.6), hence its spectral density magnitude can be 
approximated in equation (4.7).
In many real life situations, data collection has to be carried out in a noisy environment, 
which means that the measured signal is contaminated by unwanted signals. A common 
method of reducing this effect is to limit the bandwidth by filtering. However, if  the noise 
frequency is in the same bandwidth of interest, filtering would not adequately reduce the 
noise signals. One way to improve the signal to noise ratio is by averaging the spectrum 
of several blocks o f data signal. Averaging the spectrum also called smoothing improves 
the signal to noise ratio by the factor of Vk  for K blocks of signal divisions [174]. Thus 
to improve the accuracy, the data is divided into K equal length blocks. The spectrum of 
each block is then determined and then averaging of those spectrums carried out. 
Smoothing also improves the accuracy o f the estimation by reducing the variance o f the 
spectrum, as illustrated in figure 4.3.
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Original Signal in Time Domain
Spectrum Density 
Estimation obtained 
from FFT transformation 
of the time data without 
averaging
Frequency (Hz)
(a)
20 40 60 80 100 120 140
Frequency (Hz)
(b)
Figure 4.3 Time to frequency domain transformation operation of a signal 
(a)without smoothing and (b) with smoothing effect
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4.3 SIGNALS ANALYSIS IN TIME DOMAIN
When a process o f a system possesses a random stationary behavior, a statistical process 
model can be derived to describe the signal behavior by probabilistic means. In many 
engineering applications, a wide variety o f general statistical models in the time domain 
have been employed. In metal cutting processes the time series approach has been 
employed by some authors [118,135,136,137] to model the behavior of the signals 
generated from the cutting processes. These statistical models are referred to as 
Autoregressive (AR), Moving Average (MA) and Autoregressive Moving Average 
(ARMA), which is a combination of AR and MA models. Time series modeling is 
suitable for most o f measured signals from the cutting process, since they are stochastic 
in nature. A model that described the internal system dynamics can be derived based 
solely from experimental data [118-135]. In this research the autoregressive model will 
be used to model the signal generated from cutting processes. This model is selected 
because it has been commonly used as the prediction model and also due to the prediction 
error, which is generally smaller than other models such as MA and ARMA [179]. 
Moreover estimation problems are more difficult in the Moving Average process, since 
an efficient explicit estimator does not exists. Instead, some form of complex numerical 
iteration has to be performed to find the best solution and hence the computational time 
for the AR process is faster than that for the other models [137]. It was not within the 
scope o f this research to develop a direct relationship between the tool wear value and the 
time series model. However, there are evidences that force signals generated from 
machining have dynamic contents, which are strongly influenced by the tool wear 
behavior and which can be modeled by the time series [118,135,137]. Hence the time 
series modeling is applied to the signals to extract the information indirectly regarding 
the tool wear.
In building a time series model, a term of purely random process or white noise is 
defined, which was used in the setting up of the model. A discrete time process is called a 
purely random process, if  the process consists o f random variables £(t), which are mutually
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independent and identically distributed. Other properties also imply that this kind of 
process has a constant mean and variance. The autocorrelation function p(k) o f the process 
for any lagging k  is defined by the relation below:
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f  1
Poo —
k 0
k =  0
k = ±  1, ±2, ± 3 ,.. .
Its covariance y^) is defined by:
Y(*) = Covar (e(t), s(t+k)) = 0 for k  = ±1, ±2, ± 3 ,...
Consider a purely random process 8(t) with zero mean and variance a  , then a process of 
X(t) is said to be an autoregressive process of order p  if  X(t) can be satisfied by the 
equation (4.18) below:
X (t) -  a iX (t-i) +  a2X (t-2) + . . . . +  apX (t-p) +  S(t) (4.18)
The values of ai,a2, ...., ap are the coefficients o f the regression model and p  is the order 
o f the model. This equation shows a resemblance to the multiple regression model, the 
difference being that X(t) is not regressed on independent variables but rather on the past 
values o f X(t). It is usually difficult to determine a suitable order o f an autoregressive 
model to represent a process. One approach is to fit the autoregressive process of 
progressively higher orders, to calculate the residual sum of squares for each value of 
order p, and hence determine the best solution [179].
It was assumed for simplicity that the process above has a zero mean, where E[X(t)] = 0 
for all t. However, in a real life situation, time series processes exhibit a non-zero mean. 
Consider an autoregressive process which has a non-zero mean of p, hence the equation
(4.18) above can be reconstructed as a more general autoregressive model:
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X(t> - p - a ^ X ^  -p )  + a 2(X (t_2) -p )  + .... + a p(X(t_p) -p )  + s (t) (4.19)
Given a number o f observations o f Xp), X(2), X(3), ...., X(n) the coefficient parameters of 
the autoregressive process are to be estimated. The equation (4.19) above is then 
considered as a regression model o f X(t) as a linear function of (X(t.i) - p ),...., (X(t_P) - p), 
with p, aj, a2,...., ap acting as the regression coefficients and 8(t) as the residual.
To solve this equation a least squares procedure used in regression analysis is applied to 
the autoregressive model.
 ̂ = S  ” M- + ai (X(t.i) ~ p) + a2 Ĉ (t-i) — M) + ....... + aP (̂ -(t-p) " H-)] (4.20)
t=P+i
The term S(t) in the equation (4.20) above are not included into the equation, since these 
terms can not be computed in terms of X(t). For example when t = 1 we have:
^(i) = ̂ (i) " a i (X(0) ■ p) + — + a p (X -(p.!) - p) (4.21 )
The term can not be computed since X(o), X(-i)v...} X-(p.i) are not observed. However, if  the 
number o f observations n is large compared to the number of order, the term S(t) can be 
ignored [172] in order to simplify the estimation process. Thus equation (4.20) above can 
be minimised by setting the derivative o f the equation equal to zero with respect to p, ai, 
a2,....,ak. This gives:
i X - A + â ,  (X(t,> - A) + â 2(X(t.2) - A) + . . . .+ â p (X(t.p) - a]= o (4.22)
t = p + l
and
£ [ x (t) -A + â ,(X (M) -A) + â 2(X(t.2) -A) +•••• + â p(X(t.p) -A](X(t.j)-A) = 0
where j = 1 p  (4.23)
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From equation (4.23) above, p  can be related by this following equation :
M-
X 1+ a 1X 2 +  + a pX t
1 A A+ a l + .... + a
Where
1 N-j
x w = — —  y x
J+1 N  - p , ~i-j '
j = 0 ,l ,.... , p - l
(4.24)
(4.25)
Providing again that p  is small compared with the number o f observations, the value of pi 
can be approximated by the overall mean o f the time series process x.
p = x =
_1_
N
E x ,
Having defined the value o f it, equation (4.23) can be rewritten as:
(4.26)
£ [ x (t)-x  + a ,(X (M)-x ) + a 2(X (t_2)- x )  +  + a p(X (t.p)-  x)](X(t.j ) - x )  = 0
t = p+l
where j = l,....,p  (4.27)
Priestly [172] suggested that the equation (4.27) o f the least square estimate given above 
can be written in another form as:
R(j) + aiR(j-i) + ....+  apR(j-p) = 0 where j = (4.28)
The terms R(X) above are the sample autocovariance functions o f the length N, defined by 
Parzen [180] as :
R w  = T 7  ’ x X X ( t + |x|) " x
■IN t = i
(4.29)
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The equation (4.29) above, also suggests that
R(x) R(-x) (4.30)
Alternatively the equation (4.28) above can be expressed as a set o f linear equations of:
R(i) + âiR(o) + ....+  âpR(i.p) = 0 
R(2) +  â iR (i)  + . . . . +  âpR(2-p) =  0
whenj = 1 
whenj = 2
R(p) + âiR(p.i) + ....+  âpR(o)= 0 whenj - p
In the matrix form, this can be written as
Rp. â = -r
Where
r
R P=
R(o) R(i)
R(i) R(o)
R ( p- i)
R(p-2)
-\
R(p-i) R îp-2) —  R(o)
â = [âi, â2,... .,âp]T and r = [R<i), R<2),.. . R<p)]
(4.31)
(4.32)
Thus the approximate expression of the least squares estimate o f â i,__, âp can be
obtained by computing the first (p +  1) sample autocovariances o f R(o), R(i),....,R(p) and 
then by solving the set o f linear equations (4.31) above for the coefficient parameters.
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5.1 INTELLIGENT MONITORING FOR MACHINING 
PROCESS
Figure 5.1 Development of intelligent machine presented by Moriwaki [23]
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This chapter will highlight the concept o f intelligent monitoring system which includes 
the implementation o f sensor fusion and the use of artificial intelligent neural network for 
the prediction o f tool wear. Several paradigms including the heuristic approach in neural 
network model are also presented. Intelligent monitoring for the machining process has 
been one o f the focuses o f research in process automation. Moriwaki [23] classified 
intelligent machine tool development into two phases (Figure 5.1). The first phase is the 
machine development dominated by the “machine driven by predeterm ined com m an d\ 
where the rule or algorithm governing the machining processes is fixed and inflexible. On 
the other hand the second phase is dominated by “machine driven by s e lf  decision  
making”, where intelligent monitoring plays a very important role.
According to Moriwaki an intelligent monitoring process has the ability to utilise 
experience and know-how accumulated during past operations, accumulate knowledge 
through learning and accommodate ambiguous input. Thus such a system has greater 
functions than the conventional monitoring, where data integration or sensor fusion, 
signal processing and self decision making are the requirements to the system. Du, 
Elbestawi and Wu [184] defined this intelligent monitoring as an act o f identifying the 
characteristic changes of a process based on the evaluation of process signatures without 
interrupting the normal operations, which consist of sensing, signal processing and 
decision making.
The effectiveness o f intelligent monitoring depends largely on the dependency of the 
measured signal on the machining condition and cutting parameters. A strong 
dependency is a prerequisite to obtaining useful information from the measured signal. 
However, this dependency or relation between the measured signal and the cutting 
conditions is not always easily obtained from the raw signal. Signals obtained from the 
monitoring process may exhibit a complex relationship and be buried in noise. Therefore 
signals may require further processing or conditioning prior to analysis. Signal processing 
in this case means that the system has the capability to carry out feature extraction from 
the measurement vector, so that the data stream coming out from the sensor contains
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additional information regarding the process. This is carried out due to the reason that 
lack o f sufficient rich information may hinder a good decision strategy. Also sensor 
signals are extremely noisy and they have to be processed in order to yield useful features 
which are sensitive to tool wear and insensitive to noise. Developments in signal 
processing include the application o f time series, pattern recognition and spectrum 
density analysis presented in the previous chapter. Another important development in 
monitoring systems, which use intelligent decision making, is neural network. Such a 
system is able to learn or gain its knowledge from the information presented during the 
training process. More discussion on this neural network will be presented later in this 
chapter.
5.1.1 Multisensor Strategy
Sensor or data fusion is a process o f combining evidence to support an intelligent 
decision generation [185]. Sensor fusion is also described as the ability to combine or add 
the output o f other sensors to provide a more robust decision on the process state [2]. 
Many real life problems benefit from the combination of data integration. Biological 
systems develop situation awareness based on sensory derived information while a 
robotics system gathers the information from its multiple on-board sensors. Similarly this 
principle can be applied to intelligent monitoring for machining processes where 
information which is obtained from multiple sensors installed on the machine or 
workpiece which can be used to independently support the decision process. Sensor 
integration is also applied to ensure accurate sensing in modem intelligent monitoring 
systems, which require the capability of monitoring under noisy and ambiguous sensory 
information. Environment such systems require the capability to develop a coherent and 
comprehensive situation awareness based on incomplete, uncertain and possibly 
erroneous remotely sensed information. For example a process monitoring that relies only 
on a single sensor such as force dynamometer suffers from the limitation caused by 
competing effects on the tool rigidity and the dynamic response. As the toolholder is 
mounted on top o f a dynamometer, the rigidity o f the system is reduced as a result o f the
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limited supporting structure provided by the dynamometer. The effect o f chatter and 
vibration in this situation becomes more prominent as the tool wear progresses and is 
detrimental to the quality o f machining. Although a larger dynamometer could be 
incorporated to alleviate these difficulties at a sacrifice of higher cost, there is still an 
adverse effect on the natural frequency and the dynamic response o f the monitoring 
system. To compensate for these weaknesses, another sensor that produces additional 
information concerning the machining process is employed. Acoustic emissions have 
good sensitivity to the material deformation process as well as the friction in machining. 
An acoustic emission sensor can be installed remote from the cutting point and hence it 
does not interfere with the chip and cutting fluid. Moreover the AE sensor installation 
also does not influence the structural rigidity o f the tool as in the dynamometer.
A multisensor approach provides many benefits which particularly address process 
modelling. Chryssolouris and Domroese [186] investigated the use o f the multisensor 
approach and the benefits o f using such approach can be described as:
• Sensor integration ensures the maximum amount of information for making control 
decision in the process.
• Utilising several simultaneous sensors can be considered analogous to taking several 
samples from a random distribution. Statistically, as more samples are taken, the 
confidence interval for the mean become narrower. In a similar way, when more 
sensors are utilised, the certainty o f estimated parameters increases while the 
uncertainty due to randomness decrease.
• The reliability o f different sensors may vary relative to one another. A combination 
o f two or more sensors can increase the reliability by complementing each other.
• Also in the case o f binary input, one binary signal provides two classifications while 
two binary signals can provide four classification spaces. Integrating analog signals 
from severals sensors can be considered an extension of this binary case
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The combination o f two or more different sensors has been found to be superior to the 
single sensor technique, for reducing the likelihood of decision error. There are two 
possible ways to achieve this multisensor approach [2]. The first one is by utilising a 
single sensor and allows the measurement o f different variables, such as a dynamometer 
that can measure three force components. The second one is by using two or more 
sensors installed on the machine or workpiece to obtain different variable measurements.
5.2 POPULAR PARADIGMS OF NEURAL NETWORKS
In this section the neural network paradigms are classified into the supervised learning 
and unsupervised learning process. Perceptron and Backpropagation neural networks are 
among the most popular neural networks which have been used widely in pattern 
recognition and signal processing. The unsupervised models such as the Kohonen 
network and the Adaptive Resonance Theory (ART) networks have also been used for a 
tool wear prediction models in machining processes.
5.2.1 Supervised Neural Network Models
5.2.1.1 Perceptron Network
The Perceptron neural network was developed by Rosenblatt [187]. This was the first 
neural network to emerge. The first Perceptron model was strictly feed forward and the 
learning algorithm for this paradigm classified the inputs as linear separable in terms of 
decision space. The Perceptron network basically consists of three layers. The input layer 
acts as a buffer or fan out layer, and maps a rectangular pixelised sensor to a linear array, 
which is then conditioned by either linear or non-linear transfer function. The second 
layer consists of a set of feature detectors, which are fully or randomly connected to the 
input layer. A linear threshold transfer function such as step function is applied in this 
layer. The output layer consists o f pattern recognisor or perceptron processing elements, 
which also use a linear threshold transfer function. The output weights on this output
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layer are trainable or in other word their value may be changed during the training phase. 
The weights in input and the second layer however are fixed. The output processing 
elements have the value of 1 if  the weighted sum of the input is bigger than zero, and the 
output assigns zero value if the weighted sum of the input is less than or equal to zero. 
The Perceptron network can be illustrated on Figure 5.2.
Figure 5.2 Input and output diagram for Perceptron processing element
The weighted summation input 7 j of j th neuron and the current state output O j  can be 
defined by equation 5.1 and 5.2 respectively
/ = ! > , * *
i
O . = 1 if  I > 0 
J
0 if  I < 0
The perceptron neural network can distinguish between linearly separable decision 
spaces, such as in the pattern recognition techniques. However, the weakness of this 
perceptron paradigm comes from this type of decision boundary, where it is linear. Thus, 
such a model cannot be used for the classification of a complex pattern with a non-linear 
decision boundary, such as in the pattern recognition techniques [18,115,107,131].
(5.1)
(5.2)
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5.2.1.2 B ackpropagation Network
A Backpropagation network is the most widely used option among the current types of 
neural network systems available. This neural network paradigm was developed by 
Rumelhart, Hinton and Williams [188]. This network is an outgrowth of the earlier model 
of the Perceptron, with the addition of hidden layers and the use of the generalised delta 
rule for learning. The Backpropagation neural network is basically a Perceptron network 
with a different transfer function in the artificial neuron. It is more robust, especially in 
the pattern recognition field. The mechanism of the Backpropagation model can be 
illustrated by the Figure 5.3.
Figure 5.3 Input and output diagram for Backpropagation paradigm
A typical Backpropagation network has one input and one output layer and at least one 
hidden layer. Although there is no theoretical limit on the number of hidden layers, a 
typical Backpropagation network employs two or three hidden layers. These hidden 
layers do not interact with the external world. The role of the hidden layers is to perform 
feature extraction on the patterns presented in the input layer. These also involve noise
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suppression and a higher signal to noise ratio. The network performs pattern association 
tasks in which a pattern presented at the input layer o f the network is associated with a 
pattern at the output layer. During the learning process, information is also propagated 
back through the network and used to update the connection weights.
The term x^s‘1] is the n* current input state from the [s-1]* layer to the j*  neuron in the s* 
layer. The term W ji[s] is the weight on the connection joining the i* neuron in layer [s-1] 
to the j neuron in layer s.
The weighted summation /j of input in the j neuron is then defined on equation 5.3
/ j = È w jix iIS' 11 (5-3)i = 0
The state o f output Oj at layer s can be related on equation 5.4
0 / s| = / [ / , ]  (5.4)
The term / i s  the differentiable transfer function, such as sigmoid and hyperbolic tangent 
functions. Suppose that the network has a global error function E as described by 
equation 5.5, the error information that is propagated back through the layers can then be 
defined by equation 5.6.
The term e /s] is the error information that is passed back through the layers. This can be 
considered as a measure o f the local error at the j*  processing element in layer s.
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The aim o f the learning process in this Backpropagation model is to minimise the global 
error E o f the system by modifying the weights. The updates in weights are based on the 
gradient descent rule, which can be expressed as follows:
(5.7)
The term /coef is the learning coefficient and Awji[sl is the weight update o f weight joining 
i* neuron in layer s-1 to j th neuron in layer s.
The Backpropagation paradigms have been used widely to solve many complex pattern 
recognition problems. This network has the ability o f mapping the output based on the 
input feature even though the input pattern is incomplete or exhibits complex correlation. 
The ability to make such a complex distinction is due to the feature detection and 
generalisation abilities which are trained within the hidden layer [197]. These abilities 
make the Backpropagation network more favourable to the model system which 
possesses complex correlation between its parameters, such as in the tool wear 
mechanism. Another advantage is that any multi-dimensional function can be synthesised 
much more easily by this model rather than using mathematical or empirical model, since 
there is no limitation on the numbers o f processing elements employed in the model.
One has to consider important characteristics o f this process when the Backpropagation 
paradigm is selected to build a network model. Backpropagation network is a first order 
approximation o f the steepest descent technique in the sense that it depends on the 
gradient o f the instantaneous error surface in weight space [197]. The error surface may 
become fairly flat along some weight dimensions. This causes the derivative o f the error 
surface with respect to the weight magnitude is small, hence it causes small changes in 
the weight connections of the network. Therefore, in this situation the learning process of 
the network is relatively slow.
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The Backpropagation network provides estimation to the trajectory in weight space 
computed by the steepest descent approach. A small learning rate a  causes small changes 
to the synaptic weight in the network during the learning process. On the other hand 
when the learning rate is too large, it creates problem such as unstable network and 
therefore it requires more time to converge. Hence, a disadvantage of this network model 
is greater computational time, particularly during the training process. More iterations for 
training cycles are required by the network when the level o f intricacy contained in the 
system increases, thereby more computational time is required. Also when more complex 
correlation behaviour is encountered in the system, larger amounts o f training data are 
required [197]. However, with the advancements o f computer technology, such as the 
development of more powerful microprocessors, this problem can be eliminated or 
reduced. Also a heuristic approach to derive the suitable learning rate can be applied 
during the learning process. The heuristic approach can adjust automatically the learning 
rate based on the error surface generation formed by the iteration process. This approach 
will be discussed later in this chapter.
5.2.2 Unsupervised Neural Network Models
5.2.2.1 Self Organising Kohonen Network
The self organising network which was developed by Kohonen [189] has become one of 
the most popular networks. The self organising network learns without supervision and is 
usually combined with other neural layers for categorisation and prediction. The network 
begins training in an unsupervised way and then requires supervised training for the 
output layer, which means that the desired output vector has to be presented at this stage.
The self organising network typically has two layers which consist o f the input layer and 
the two dimensional Kohonen layer. The input layer is fully connected with the Kohonen 
layer. Each processing element in the Kohonen layer measures the Euclidean distances of
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its weights to the incoming input values (eq 5.8) and finds the minimum value of these 
distances (Figure 5.4)
Dj = | X - W i |
= V(x i - w n)2 + ( x 2 - w i2)2 + - .  + (x„ - w j 2 (5.8)
The Dj is the Euclidean distance of the i processing element, which has weights vector 
Wi and input vector X of n components.
Figure 5.4 The Euclidean distances o f input value in Kohonen layer [192]
During the training process, the processing element with the minimum distance is 
selected as the winner and the output is assigned a value of 1, while other processing 
elements have zero output. Also during the training phase, the processing element in the 
Kohonen layer with the smallest distance adjusts it weights to be closer to the value of the 
input data, while the neighbours of this processing element also adjust their weights to be 
closer to the same input vector. Hence these winning and neighbourhood processing
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elements will form a cluster which corresponds to the specific input value. This means 
the input data which may have many dimensions is represented or mapped by the two 
dimensional vectors in the Kohonen layer.
Once the winning processing element in the layer is determined, then the other processing 
elements in the neighbourhoods are adjusted by the weight update defined on equation 
5.9.
Aws =<x(xj - wij) (5.9)
The output of the Kohonen network, once trained, is an indication of membership in a 
cluster existing in the input population. In other words, an output value is assigned to 
represent a cluster that contains several inputs, which have similar features. By the 
weight updating process, the weights try to move to the center of clusters in order to 
represent the membership. The cluster that has the most similar prototype vector to a 
given input pattern indicates the classification result of the input (Figure 5.5)
Feature 2 Feature 2
Before Learning After Learning
^  Input Sample in the 0  Weight vector in
Feature Space Feature Space
Figure 5.5 Learning mechanism of the self organising network
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The self organising network has been used widely in many real life applications, such as 
in speech recognition [190,191] and tool wear pattern recognition for turning operations 
[21]. This network classifies or maps the inputs which posses similarities into a cluster 
which is constructed based on the Euclidean distances. These networks, therefore do not 
require training sample data as much as in the Backpropagation model. Self organising 
networks generally require less computational time compared to a normal 
Backpropagation network since the number of data and iteration cycle is smaller and 
there is no calculation o f the comparison between the actual and desired output. 
However, the self organising networks still require information regarding the desired 
output, in order to interpret the result correctly. When the input data presented exhibit 
complex patterns, the Backpropagation model is superior to this self organising network.
5.2.2.2 Adaptive Resonance Theory (ART) Network
Adaptive Resonance Theory (ART) was developed as early as the 1960’s [192] for 
pattern recognition. A significant contribution on synthesis and extension of ideas has 
been given by Grossberg [193] who provided a formal introduction of the basis of 
adaptive resonance.
The ART network consists o f two interconnected layers o f neurones termed as Fi and F2, 
which comprise the fundamental mechanism of the system (Figure 5.6). Input signals 
activate the feature detection in the Fi layer. These activities are then passed through the 
connections to the neurones in layer F2. Each neuron in the F2 layer adds together its 
inputs from the Fi layer and then responds to these summations. Neurones in the F2 layer 
then compete with each other, so that at any instant at most one neuron is active. If, for 
instance, the input pattern represented by the model is a picture, then each neuron 
represents one pixel. The lateral connections at the output layer allow for competition 
among the output units.
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Figure 5.6 The mechanism of ART network text recognition
The ART networks have been used in many applications of pattern recognition utilising 
competitive learning, which exploits structures inherent in data by clustering. Since the 
network is trained in an unsupervised manner, it also requires less computational time 
than the supervised one. ART networks can also maintain adaptive weight continuously 
and contribute to perpetual learning, where they undergoes incremental learning.
However, as in the self organising network , the ART network also needs the desired 
output data for clusters interpretation. Also similar to the self organising model, the ART 
model represents an implicit model of the input, where it assumes that patterns that share 
a greater number o f input features should fall into the same category, while patterns that 
have fewer features fall into different categories [26,192]. This assumption may be
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sufficient to model a system where the correlation between the parameters is not 
complex. However in a system where more complicated relations prevail, this can lead to 
an inaccurate interpretation. For example, the increase in force components in the cutting 
operation is normally associated with the increase o f the tool flank wear. However, this is 
not always true. The presence o f crater wear may decrease the cutting force component 
significantly by increasing the effective rake angle. This situation may create some 
problems with the model prediction. For instance, the cutting force that is produced by 
some intermediate value o f flank wear may be the same as the one which is produced by 
a higher value o f flank wear, where the crater wear is present.
5.3 NEURAL NETWORK LEARNING RULES AND 
TRANSFER FUNCTION
5.3.1 Delta Rule
The delta rule is the most common learning rule used in neural network model. The error 
in the output layer is calculated as the difference between the desired output and actual 
output. The error is then transformed by the derivative o f the transfer function to the 
preceding layer [192]. This process o f back-passing the error is continued until the first 
layer is reached. The weight update o f this delta rule can be expressed by equation 5.10 
below.
w jî k+1] = Wjj11"1 + a 5 [kl +pA w ji[k] (5.10)
where
0M =
dE dE dL
[k]
dWji
M dl: Ik] dWji
— = e [k] x [k] [k] ' Aji
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and
A w j^1 = a 8 [k‘1] +jaAwji[k'1]
a  refers to the learning rate, jj, is the momentum and k is the time unit. The term 5 ^  is the 
gradient component o f the weight change at time k, while /j is the weighted summation 
defined by the equation 5.3. The weights are changed in proportion to the local error e 
and the input to the connection x.
While using the delta rule, it is very important to make sure that the data set is presented 
randomly. Well ordered or structured presentation of the training set frequently leads to 
oscillatory behaviour and failure to converge [192].
5.3.2 Heuristic Approach Learning Rule
Many studies have been carried out to find the best technique that increases the rate o f 
convergence o f the model. One method of improving the convergence rate is by 
introducing a heuristic (intuitive) approach for the learning rule. Delta Bar Delta (DBD) 
and Extended Delta Bar Delta (EDBD) learning rules are among these heuristic 
approaches.
The DBD algorithm was developed by Jacobs [194] in an attempt to address the speed of 
convergence via the heuristic approach. By using the past values o f gradient, a heuristic 
approach is applied to infer the error. This approach suggests that every connection of a 
network should have its own learning rate, since the changes o f the weight magnitude 
(equation 5.10) may be different for each weight connection in the model. Also this 
learning rate has to vary with time. The change in the learning rate is based on the 
observations o f the consecutive changes o f weights.
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An algorithm to vary the learning rate based on these weight connection changes was 
proposed by Saridis [195], who suggested that the learning rate o f a network model 
should be increased when the connection weight changes have the same sign over several 
time steps as can be illustrated on Figure 5.7.
In this situation, the weight dimension has a small curvature with respect to the error 
surface and the surface continues to slope in the same direction for a significant distance. 
On the other hand, the learning rate should be decreased if the connection weight changes 
have different sign or oscillate over a period of time. This behaviour is indicated by the 
erratic changes in the curvature with respect to the error surface (Figure 5.8). By 
permitting different learning rates for each connection in the neural network, the 
connection weights are updated, based on the partial derivatives of the error with respect 
to the weight itself.
Figure 5.7 The weight changes have the same sign for 
several time steps over a region of relatively low or steady 
curvature [192]
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Figure 5.8 The weight changes have the different sign 
(oscillating) for several time steps over a region of 
relatively high or unsteady curvature [192]
For the standard delta rule, which has a constant or fixed learning rate, the gradient 
component o f the weight update can be defined by equation 5.10. However for the DBD 
learning rule a variable learning rate o f a [k] is assigned to each connection and the 
connection o f weight update becomes (eq 5.11):
w ^ 11 = w [k] + a [k]5[k] + p A w ^ 1 (5.11)
Jacobs [194] employed a weighted average parameter o f the gradient components, which 
can be expressed as equation 5.12.
5 [kl = (1 -0 )  (5[k] + 0 5 [k*1]) (5.12)
From the intuitive standpoint, if  the current gradient component and the exponential 
average of the previous gradient components are the same sign, the learning rate 
associated with the weight should be incremented by the constant k . However if  the 
current gradient component differs in sign from the exponential average, the learning rate
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is reduced by the amount proportional to its current learning rate value. These learning 
rate update rules can be expressed mathematically by equation 5.13 below.
SN SM >0 (5.13)
AaM= <  -cpaM ôDc'11ôM<0
l  0 Otherwise
The terms k  and cp are the constants for the increment and decrement respectively. To 
understand how these rules operate and are applied in the calculation, an example o f this 
operation is presented in appendix A.
Minai and Williams [196] found some shortcomings of the DBD method listed below:
• Standard DBD does not incorporate the heuristic approach for the momentum.
• A small linear increment k  can cause the learning rate to increase sufficiently, 
where a wild jump may occur in the weight space.
• The geometric decrease o f cpaM may sometimes not be fast enough to prevent 
an erratic change in the error curve.
Based on this reasoning, Minai and Williams [196] extended this approach by 
introducing the Extended Delta Bar Delta (EDBD) algorithm to address those above 
issues. As in both the standard delta rule and the DBD algorithm, the momentum term \x 
is set to be constant. However, for the EDBD algorithm a time varying momentum rate 
is added to the algorithm and is assigned to each connection in the network, much the 
same as the time varying learning rate a [kl.
w ^ ^ w W + a ^ + i i M A w ^ (5.14)
Chapter 5 Intelligent Monitoring and Artificial Neural Network
Also as in the DBD algorithm, the weighted average parameter o f the gradient component 
as defined by equation 5.12 is also employed in the calculation of the learning rate as can 
be expressed by equation 5.15.
K„exp(-Ya | 8 M 1) glk-UgM >  o (5.15)
A aM = < -q>a«M gtk-'lgM <  o
0 Otherwise
Similarly the momentum rate change can be defined by equation 5.16.
r K^expi-y^ 1 8 m I) glk-HgM >  o (5.16)
Anw = ^ - 9 , a " gPt-'Jgtk] < o
, « Otherwise
Additional constants included in this EDBD algorithm are listed below
Ka Constant learning rate scale factor
Constant momentum rate scale factor 
ya Constant learning rate exponential factor 
y^ Constant momentum rate exponential factor 
cpa Constant learning rate decrement factor 
cp̂  Constant momentum rate decrement factor 
otmax Upper bound o f the learning rate 
Pmax Upper bound of the momentum rate
The learning and momentum rates have separate constants controlling the increase and 
decrease. The term 5[k] is used to indicate heuristically whether the increase or decrease
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should be applied to the learning and momentum rates [192]. The increases in the 
learning and momentum rates have also been modified in EDBD, so that greater increases 
are applied to the smaller or more stable slope or curvature, while smaller increases are 
applied to the higher or unstable slope.
Also in order to prevent an erratic change on the weight space curve, ceilings are placed 
on the individual connection learning rate and momentum rate, which can be expressed 
mathematically as:
aM - “ max (5.17)
< Ur*  —  r 'm a x
For this research, the EDBD algorithm has been combined with a Backpropagation neural 
network and adopted to model tool wear process. This approach significantly shortens the 
computational time, as well as increases the rate of convergence while maintaining the 
model accuracy. This advantage is due to the heuristically adjustable learning and 
momentum rate
5.3.3 Transfer Functions
After the weighted sum of the input is calculated, it needs to be transformed to a typically 
non-linear function, which is termed the transfer function. This function transfers the 
internally generated summation to a potential output value. The transfer function is also 
used for limiting the amplitude of the neuron’s output within a permissible amplitude 
range, which is typically between 0 and 1, or alternatively between -1 and 1.
In most neural network models such as in Backpropagation, the model objective is to find 
the minimum o f the error function in weight space using the method of gradient 
descent[192]. The combination o f weights that minimizes the error function is considered
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to be the solution of the learning problem. Since this method requires computation of the 
gradient o f the error function, the differentiability of the error function has to be ensured. 
An activation or transfer function such as step function, which is used in Perceptron 
network cannot be used here, since the composite function produced by their 
interconnection is discontinuous and so is the error function [197]. One commonly used 
transfer function for this problem is the sigmoid function, which is defined by the 
expression 5.18.
Figure 5.9 Effects of constant c on the shape of sigmoid
function
O(/) ~
1
l + £fC/
(5.18)
The constant c is the parameter that determines the shape of the sigmoid function (figure 
5.9) with output 0(7) and input I.
Another transfer function is simmilar to the sigmoid function but it maps the output 
symmetrically from -1 to 1 instead from 0 to 1. This function is termed the hyperbolic 
tangent (TanH), which mathematically can be expressed by equation 5.19. This 
symmetric activation function, in general, learns faster than the non-symetric function in 
terms of the number o f required training iterations.
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Figure 5.10 Local minima of error function and the actual
solution [197]
When using either sigmoid or hyperbolic tangent function, under some circumstances 
local minima appear in the error function, which would not appear if the step function 
was used. The local minima are the minima in the error surface, which are not as deep as 
the global minima. The local minima causes the network failure to converge to the actual 
minimum error solution (Figure 5.10). A momentum is introduced here, in order to 
prevent the error search trapped in local minima. However, the search could become 
unstable if  the specified momentum is too small or too large. This is where the heuristic 
momentum approach as in the EDBD algorithm is superior to the traditional fixed 
momentum.
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5.4 APPLICATIONS OF MULTISENSOR AND NEURAL 
NETWORK APPROACHES IN TOOL MONITORING 
OF MACHINING PROCESSES
It should be pointed out that for intelligent monitoring the methods discussed below have 
been evaluated based on the operation range, the type o f sensors and input data, type of 
neural network and the model accuracy. The objectives o f these presented models can be 
classified as tool wear monitoring and process parameter monitoring (eg cutting force 
vibration).
The early introduction in integration of neural network and multisensor approach for tool 
wear monitoring came from Rangwala and Domfeld [22]. The authors used a supervised 
feedforward Backpropagation neural network model which was employed for a simple 
classification o f tool wear into a fresh or worn tool category based on the measured AE 
and cutting force signal for turning operations. Rangwala and Domfeld [19] also made a 
significant contribution in tool wear monitoring by following the sensor fusion approach 
using the artificial intelligent neural network. This model employed raw AE and cutting 
force signals coupled with cutting parameters (feed and speed) as the main input 
parameters to the network model for tool classification. Similar work was also carried out 
by Domfeld [20] where signal processing techniques o f FFT and autoregressive time 
series were incorporated to process the AErms, spindle current and cutting force signal 
prior to inputting to the neural network. Again the classification of tool conditions (fresh 
or worn tool) was used as the objective of the model. These early works on intelligent 
monitoring have shown significant effectiveness of the multisensor approach, which 
enhances the performance of the neural network in decision making. The implementation 
of signal processing techniques in this model [20] showed a significant improvement on 
the accuracy o f model prediction by removing or suppressing signal noise components 
which are insensitive to the wear process. Saini, Siores and Ghamami [207,208] 
developed an intelligent monitoring technique using neural network, which integrated 
acoustic emission and force signals. This research achieved high success rate (95%) for 
classifying the tool as worn or unworn. Similar work has also been presented by Saini
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and Srinivas [209], where the backpropagation network with various configurations of 
processing elements have been employed to identify tool flank wear in turning operation. 
High accuracy o f tool wear identification was observed with neural network o f certain 
processing element combinations.
Burke and Rangwala [26,27] developed a tool wear monitoring system based on the 
unsupervised ART network. This model also classified the state o f the cutting tool into 
fresh or worn condition based on the information data o f spectrum density o f raw AE and 
force signals, as well as the machining parameters. The authors also presented a 
Backpropagation model and made a comparison between the estimation accuracy of 
those two models. From the results it was observed that both the supervised and 
unsupervised networks showed the similar estimation accuracy o f 95%. However the 
unsupervised neural network (ART) was found to be more adaptive to the change in the 
behaviour o f the input data, whereas the supervised neural network model required 
retraining. Moreover the unsupervised model required 33% less training data than the 
supervised model. Niu, Wong and Hong [210] also developed an intelligent monitoring 
system, which integrates multiple sensors, by using an unsupervised ART2 neural 
network. Signal features such as frequency spectrum, skew, kurtosis of AE and natural 
frequency power (NFP) of cutting force were extracted and used as input to ART2 neural 
network for tool flank wear classification. High accuracy of tool flank wear recognition 
was achieved over a wide range o f cutting conditions.
Another unsupervised neural network model has been presented by Leem, Domfeld and 
Dreyfus [21]. This model employed AErms and force signals as the inputs to an 
unsupervised Kohonen network. A FFT signal processing algorithm was incorporated to 
condition the signals prior to feeding to the network for classification of two or three 
levels of tool wear. The accuracy o f this model has been reported to range from 64-94%. 
This study has demonstrated the utilisation of an unsupervised network in order to 
minimise the cost incurred for acquiring expensive information on the correct level of
122
Chapter 5 Intelligent Monitoring and Artificial Neural Network
tool wear by an experimental method. Since the network was adaptively learning, there 
was no need for an off-line training process.
Jammu, Danai and Malkin [29] developed a tool breakage detection system in the turning 
operation, by using an unsupervised network combined with a Single Category Based 
Classifier (SCBC) algorithm, which is continually updated on-line according to the 
process condition and was capable o f suppressing the noise. The model performed 
classification o f the process into normal and abnormal conditions, which corresponded to 
normal and chipped tools respectively. This method employed two accelerometers of low 
and high frequency to capture the low vibration and ultrasonic energy signals 
respectively. These signals were then used as the inputs to the network model. The 
accuracy o f model prediction was then compared to those of other unsupervised networks 
of ART and Kohonen. From the results it was shown that this model is superior and it 
was claimed to be flawless in detecting the tool breakage, compared to the other models 
(particularly the ART) which showed poor performance in detecting the tool wear. This 
poor performance rather opposed the results of the ART model obtained by Burke et al 
[26,27]. The lack of noise suppressing features in the ART model may cause this inferior 
performance.
Process Independent Model 
Models wear and Wear Rate 
Estimates
Sensor
Signals^
Machining 
Input Parameters
SENSOR
INTEGRATION
MODULE
Integrated Wear and 
Wear Estimates
Figure 5.11 Diagram of the process monitoring by Chryssolouris [186]
Chryssolouris and Domroese [186] utilised a multisensor approach based on cutting 
force, tool-workpiece thermocouple and acoustic sensor to monitor the tool wear process 
in turning operations. The integrated wear and wear rate estimates were the main
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objectives or outputs synthesised by the Backpropagation network model. The inputs 
utilised the cutting parameters as well as the tool wear and wear rates, which were 
calculated by a process model as illustrated in figure 5.11.
Other models o f tool wear prediction were also presented by authors which included 
multiple regression, inverse least squares approach and Group Method of Data Handling 
(GMDH). The model derived from the neural network and GMDH was claimed to be 
superior in estimating both wear and wear rate compared to other models. Again these 
results demonstrated the ability and superiority o f the neural network over other 
traditional methods to synthesise and to learn solving complex and non-linear problems.
Rahman, Zhou and Hong [38] introduced a Backpropagation neural network to monitor 
the level o f tool wear, chatter vibration and chip breaking occurrences in the turning 
operation. Statistical parameters including mean, variance, coherent coefficient and the 
ratio between mean and variance of the data were derived from the measured cutting 
force signal, and then used as the inputs to the network. Binary number was used as the 
target output and it was fixed at 0 for patterns o f fresh tool, no chatter vibration and short 
comma chip, and at 1 for patterns o f worn tool, chatter vibration and long chip. The 
model was reported to achieve a 95% rate o f accuracy. This work also illustrates the use 
of statistical analysis as an easily used signal processing algorithm, while providing 
reasonable accuracy. A more recent approach in the signal processing technique for 
neural network modelling was introduced by Hong, Rahman and Zhou [198]. This 
method was based on the use o f a wavelet decomposition technique to derive frequency 
bands representation in the time domain from a dynamic feed force component. Two 
features o f mean and variance o f local minima of the absolute value were extracted from 
the decomposed signal for each frequency band. This signal processing technique has the 
advantage o f extracting more useful features and thereby adding more information to the 
network model, which increases the accuracy of prediction.
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Das, Roy and Chattopadhyay [37] also presented a Backpropagation neural network 
model for the tool flank wear estimation. In this approach, a dynamometer was used to 
measure the three components o f force signals, which were used as the input signals 
along with the cutting speed and feed. In this model the estimation o f actual quantity of 
the flank wear at a particular cutting time was the model estimation objective instead of 
wear classes as presented by previous models. The prediction results show close 
agreement to the actual measured value. However in this model there was no separation 
between the training and testing data, where the network was only tested against the same 
set o f data which was used for training. This implied that the testing was applied to verify 
the recall capability o f the model based on the previously presented training data, instead 
of its capability o f generalisation of pattern recognition. Nevertheless, this effort has 
demonstrated the good learning and memorising capabilities o f the Backpropagation 
model.
These works presented above have shown some significant impacts and contributions to 
the development o f an integrated intelligent system for monitoring tool condition. They 
have demonstrated the ability o f a neural network combined with multisensor approach to 
recognise the complex signal pattern produced by two different tool conditions. However, 
these early models were very simple and limited to the classification o f tool condition 
into either fresh or worn tool or other classification of normal or abnormal operation. 
Moreover the models were unable to distinguish the failure cause by crater wear or flank 
wear o f the tool.
Teshima et al [70] presented a method based on a Backpropagation neural network that 
can measure the actual value o f tool wear, the rest of tool life and make distinctions 
between the tool failure modes by flank or crater wear. A camera was used to capture the 
physical images o f the tool and then convert these images to digital pixels. This was 
based on the principle that a worn surface will give different grade of reflectivity or 
brightness. A different colour was then assigned to each grade o f reflectivity, which 
represents the actual amount o f the tool wear. These grades o f brightness and cutting
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conditions (work material, tool material, depth o f cut, feed and cutting speed) comprised 
the input data which made a total o f 253 processing elements at the input layer. The rest 
o f tool life and the grade o f each tool wear mode (based on reflected light) were assigned 
the output parameter values. The maximum estimation errors o f this model for the rest of 
tool and tool grades were reported as high as 16% and 24% respectively. Although the 
accuracy o f the model was slightly less than other models, this model showed the 
capability o f a Backpropagation network to synthesise the actual quantity o f tool wear as 
well as distinguishing between the wear modes. This has been a significant improvement 
in the utilisation o f a Backpropagation network from simply classifying o f fresh or worn 
tool decision spaces. This also shows the capability o f such a network to handle large 
amounts o f input data (253 inputs) which also exhibit complex patterns due to the random 
geometrical shape o f tool wear. However this method is not practical for implementation 
in a real industrial situation, since the camera measurements have to be done off line (the 
tool insert has to be taken out from the machine for measurements) and thereby 
machining operations have to be interrupted. Also some workpiece material deposits may 
exist on the worn surfaces o f the tool which can influence the surface brightness and 
hence introducing false signals.
The uses of neural networks are not only limited in the turning process. Neural network 
modelling has also been attempted to estimate tool wear in the milling process [173-177] 
and drilling [36,37,177,178]. The uses of a neural network in milling operations include 
the cutter breakage detection [32-34] and the measurement of progressive tool wear. Ko 
and Cho [30] demonstrated the effectiveness of time series analysis incorporated with a 
neural network to derive tool wear information in the milling process. Lin and Ting [35] 
employed thrust force and torque as the inputs to a Backpropagation network for 
classification o f tool flank wear in drilling operations. The neural network output of wear 
estimation was classified into ten levels of flank wear.
Besides being employed as the models o f tool wear, neural networks also have been used 
for estimation o f machining parameters [25,28]. Rangwala and Domfeld [25]
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demonstrated the effective learning and synthesis capability o f a feedforward network 
which employed velocity, feed and depth of cut to derive useful information regarding 
the cutting force, power, temperature and surface finish. This work has also demonstrated 
that the neural network model does not need global or physical knowledge about the 
whole mechanism o f the machining process, as it does have enough knowledge in the 
vicinity of local optimum that drives the system. Tansel [28] presented a model o f 3-D 
cutting dynamics using a Backpropagation neural network and time series analysis. The 
model utilised a proximity displacement sensor and a tool dynamometer to measure the 
tool vibrations and cutting force respectively. The vibration signal was used as the input 
and the cutting force was employed as the model output. This neural network model 
successfully simulated the 3-D cutting dynamics, which normally required an expensive 
experimental setup and complicated mathematical analysis if  done by the traditional 
method. Tansel, Wagiman and Tziranis [201] developed a chatter recognition monitoring 
system, which used two synthetical neural networks to recognise the harmonic 
acceleration signals and their corresponding frequency, which enabled future prediction 
of vibration characteristics.
Also neural networks have been used to synthesise the information regarding the surface 
roughness o f a machined workpiece. Grabec and Susie [200] used neural network to 
predict the surface roughness of sliding friction processes measured by an acoustic 
emission signal coupled with a spectrum analyser. The autocorrelation o f surface 
roughness was derived by both off-line measurement and an unsupervised neural network 
model. The comparison between these two models showed good agreement. Susie and 
Grabec [201] built an on-line monitoring system for measuring surface topography and 
material properties based on acoustic signals. Since the relationship between the acoustic 
emission signal and machining process is complex and difficult to derive analytically, 
this relationship was modelled by an unsupervised self organising neural network, which 
is capable o f mapping the acoustic signal to the surface parameters.
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Below is a summary o f some o f the applications o f neural network in tool condition monitoring in metal cutting operations.
Table 5.1 Summary of selected neural network applications in metal
cutting operations
□thoEs Operation sensor Feature Approach Objective
1 Chryssolouris G, 
Domroese M [186]
Turning Dynamometer 
, AE,
thermocoupl 
e.
force signal, AErms, 
temperature interface
several approaches to 
integrate information from 
sensor fusion were 
considered i.e. n/n, 
multiple regres. inverse 
least-square, group method 
of data handling.
flank wear
2 Dornfeld D.A [20] Turning Dynamometer 
, AE, 
Current
Current signal and FFT 
and time series(AR) of 
both force signal and 
AErms
Multichanel autoregressive 
series model and power 
spectrum amplitude are used 
with the inputs.
flank wear
3 Das S, Roy R, 
Chattopadhyay A B 
[37]
Turning Dynamometer The three force 
components, cutting 
velocity and feed
Simple 5-3-1 neural network 
using Backpropagation
flank wear
4 Hong G S, Rahman M, 
Zhou Q [198]
Turning Dynamometer mean and varience value 
from each frequency 
band and coherent 
coefficient
decomposition of the dynamic 
cutting force into different 
frequency bands in the time 
domain
flank wear
128
Chapter 5 Intelligent Monitoring and Artificial Neural Network
5 Jammu V.B, Danai K, 
Malkin S [29]
Turning Accl meter, 
high freq 
a c c l . 
meter, 
magne t i c  
pickup & 
camera
Low frequency 
vibration, ultrasonic 
signal, 4th order ARX 
model
The n/n p e rform  
classification whether the 
process is normal or 
abnormal.; It also used a 
Single Category-Based  
Classifier so it will 
continuously update the 
normal category.
Abnormalities 
in machine 
conditon
6 Ko T J, Cho D W 
[30]
Milling Dynamometer force sensor to derive 
time series analysis 
using AR/ARMA, and use 
the coefficient as the 
feature input
It use low order A R  to model 
the force data with the 
recursive least square for 
the milling process
classification 
of tool wear
7 Leem C.S, Dornfeld 
D.A, Dreyfus S.E 
[21]
Turning Dynamometer 
& AE
With FFT and 
statistical analysis 
for both AErms and 
Force Signals.
unsupervised n/n by Koh. 
map. & input feature scale; 
fewer sampling.
classification 
of tool wear
8 Lin S C, Ting C J 
[31]
Drilling Dynamometer thrust force, torque 
signal, spindle vel., 
feed rate and dril dia.
monitoring the drill wear 
on-line using cumulative 
b c k - p r o p a g a t i o n .
flank wear
9 Liu T .I and 
Anantharman K.S 
[177]
Drilling Dynamometer Average thrust and 
torque, Peak thrust and 
torque, RMS thrust and 
torque, Area under the 
both thrust and torque 
versus time curve plus 
the drilling condition
the use of n/n in drill wear 
classification
flank wear
10 Rahman M, Zhou Q, 
Hong G.S [38]
Turning Dynamometer coherent coef, force 
mean, force varian, 
V/F,max value of the 
cutting force
wear defined by chip 
condition, force signal 
analysed by statistical 
apprch.
tool wear, 
level of 
chatter 
vibration and 
level of chip 
breaking
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11 Rangwala S, 
Dornfeld D [19]
Turning N/ A feed,d.ocut,cut vel. Theoretical model from cut 
params to generate data to 
train the N/N, this N/N 
model then verif i e d  by using  
real cutting result
cutting force, 
power, cutting 
edge
temperature 
and surface 
fininsh
12 Rangwala S, 
Dornfeld D [22]
Turning Dynamometer 
, AE
FFT of force & A Eraw  
and feature selection 
a lgorithm based on 
interclass Euclidean
n/n is used ti integrate 
information from m u l tiple  
sensors to recognise the 
wear state
tool wear 
classification
13 Teshima T,
Shibasaka T, Takuma 
M  and Yamamoto A  
[70]
Turning camera color intensity rep. 
the degree of wear and 
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6.1 INTRODUCTION
This chapter presents the experimental apparatus, procedures followed for investigation 
and the experimental results. This chapter also presents the effect of cutting parameters 
on the variation of AErms signal and forces. Neural network models are developed and 
their performances based on their learning ability are judged. Finally, based on these 
judgements, the best neural network model is selected and then tested against other 
randomly selected sets of data. The predicted and actual values of flank wear, crater wear 
and surface roughness are then compared.
6.2 EXPERIMENTAL EQUIPMENT
6.2.1 Workpiece
Round steel bars (AISI 1045) were used as the workpiece in these experiments. The 
physical and mechanical properties of these materials are described by table 6.1 below:
| |  I i  '1 B Diameter (mm) Brindi Hardness 
(HB)
Elastic Modulus
(GPa)
Yield Strength
(N/mra2)
Ultimate Strength
(N/mm2)
3 0 0 1 2 0 5 0 0 2 0 7 1 6 9 0 1 8 3 0
Table 6.1 Physical and material properties of A . SI 1045 steel bar
used in experiments [202]
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6.2.2 Tool Insert
The cutting tool inserts used in these experiments were uncoated carbide Kennametal 
SPUN 12 03 08 (SPU422 K420) inserts, which have the physical dimensions shown in 
figure 6.2 below:
2.3 mm
Figure 6.1 The geometry of the cutting tool insert 
6.2.3 Experimental Setup
A schematic setup of the equipment used in the experiments is shown in Figure 6.2
Figure 6.2 Schematic diagram of the experimental setup
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Figure 6.3 HITEC -  TURN 20S II CNC machine setup
The CNC lathe (HITACHI SEIKI HITEC-TURN 20S II) presented in Figure 6.3 was 
used for oblique turning operations. A piezoelectric transducer, PAC 1151 (150 kHz 
resonant frequency) was mounted on the ground and finished end of a tool holder to 
collect the acoustic emission signal generated during the cutting process. The sensor was 
protected by a specially designed fixture against direct mechanical impact from the chip. 
The AE signal was then passed through a PAC 4610 Smart Acoustic Monitor which has a 
frequency response ranging from 10 -  700 kHz and providing 20 -  80 dB amplification 
gain. This device has a fixed analog filter of 100 -  300 kHz frequency bandwidth at the 
input. This particular bandwidth frequency has been found by some authors [165,157] to 
be sensitive to the progressive wear in turning operation. This acoustic monitor is also 
capable of deriving the AErmS signal as well as the raw signal for the output feature.
In order to measure the force signals, the tool holder is mounted on a 3D Kistler 9272 
dynamometer, which was rigidly bolted to the CNC lathe turret using a specially 
designed bracket (Figure 6.4 (b)). The amplified AErms (40 dB gain) signal and three
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force signals were then synchronously digitised through a custom built 4 channel A/D 
converter and stored on a disk of an IBM compatible computer. The A/D converter has 
20 kHz sampling rate, which allows of 5 kHz sampling rate for each channel. It is capable 
of holding 512 samples at each channel. Sampling processes were triggered automatically 
by a fixed threshold of 1.25 V sampling voltage, so as to record the A E ms signal from the 
time the cutting tool engaged the workpiece and initiated the cutting action. At 
appropriate stages, the tool inserts were taken off from the tool holder and then wear 
measurements were performed on Nikon V12 optical profile projector with a 
magnification of 20 (Figure 6.4 (a)).
Dynamomi
Display
x-direction
movement
control
Bracket ------------I
y-direction
movement
control
Lens
3-D
AE
sensor
Figure 6.4 (a) Nikkon V12 profile projector (b) tool and sensor setup on the machine
In the final stage of the experiment, a different A/D converter was used. This A/D 
converter (Eagle Board PC -  30DS) has advantages over the previous one, mainly for its 
user-interactiveness and faster sampling speed (up to 200kHz). The board was installed 
into a PC with a pentium processor. This sampling board had 16 channels of inputs that 
can be used simultaneously to sample the data. The sampling frequency was not fixed
134
Chapter 6 Experimental Results and Discussions
and it could be adjusted by the user, ranging from 1 -  200 kHz. A total maximum of 
30000 sampling data were hold for one sampling process. Moreover, the signal generated 
from the cutting operation was visualised on the monitor screen in real time, therefore 
any erratic change in signal behavior, resulting from abnormal conditions in cutting such 
as tool fracture, were detected on line and in real time.
6.3 FIRST STAGE OF THE EXPERIMENT
6.3.1 Experimental Design and Parameters Selection
For the preliminary stage of the experiment, cutting parameters were selected based on a 
simple factorial design of 6 x 5 x 1 which constituted of six feed rates ranging from 0.2 
to 0.7 mm/rev with 0.1 mm/rev interval, five cutting speeds ranging from 80 to 160 
m/min with 20 m/min increment and 1mm depth of cut. It was observed in previous 
studies [108-203] that the variation of the width of cut in orthogonal cutting has a 
negligible influence on the AEmis magnitude, therefore in this experiment the depth of cut 
was kept constant (1mm depth of cut). The cutting tests were performed in such a way 
that when one of the cutting parameter was varied, other cutting parameters were 
maintained constant. The total cutting time from the beginning of cut to the 300th cut was 
40 minutes, with approximately 8 seconds for one sampling cut. A total of 30 cutting 
combinations were constructed based on the factorial design above and were used to 
investigate the effects o f cutting parameters variation on both AErmS and force signals at 
appropriate values of both flank and crater wear. These cutting combinations were 
repeated ten times, corresponding to the ten stages o f tool wear. A total o f 20 flank and 
crater wear measurements for those ten stages of wear were obtained from two wear 
measurements at 15 cuts interval for each stage of wear.
Since the actual measurment of flank and crater wear for each sample o f cut was 
impractical and exhaustive, a high order polynomial equation based on those 20 wear
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measurements was employed to interpolate and hence estimate the tool wear for the other 
cutting combinations.
6.3.2 Experimental Results and Discussion
Figure 6.5 shows that the flank and crater wear developed progressively with the number 
of machining cuts. The flank wear is caused by the friction between the newly machined 
workpiece surface and the contact area of the tool flank. There are three distinct regions 
of the flank wear development (Figure 6.5(a)) marked as region A, B and C. Those three 
regions are described by Boothroyd and Knight [55] are as follow:
1. Region A where the sharp cutting edge is quickly fractured and a finite wear land is 
established
2. Region B where the flank wear progresses at a uniform or stable rate.
3. Region C where the flank wear occurs at a gradually increasing rate and leads to tool 
failure.
As can be seen in Figure 6.5, the crater wear formed on the tool rake face progresses 
faster at the beginning o f cutting and gradually decreases. Once the crater is established, 
its depth grows more rapidly than its area. This crater wear influences the tool life by 
reducing the strength of the cutting edge, which eventually leads to the tool failure. 
However, the crater wear formation reduces the chip interferences to the cutting 
operation. This is done by making the chip curl continuously and moving it away from 
the cutting point, thus reducing the possibility of chip congestion and tangling around the 
workpiece as illustrated in Figure 6.6:
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Observation Number
(b)
Figure 6.5 (a) flank and (b) crater wear measurements for the first experiment
(a) (b)
Figure 6.6 Chip formation of (a) fresh tool and (b)under the effect of crater wear
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The AErms values were influenced by the variation of cutting parameters, as well as the 
value of tool wear. The variation of AErms with the cutting parameters under different tool 
wear conditions are presented in Figure 6.7(a-j):
—♦—80 nrVrin —■—100 nVrin —*—120 rVrin—*— 140 nVrin —*—160 rVrin
------------------- (SJ-----------------------
feed(mrrVrev)
■■ 80 nVrrin —■ — 100 irVrrin — 120rryrrin
. .. 140 rrVnin —* —160 rrVrrin
—♦ — 80 nVrrin —■— 10 0  nVrrin -T&— 12 0  rrVrrin
K  1 4 0  nVrrin —* — 16 0  nVrrin
TcJ
8 0  rrVrrin 
1 4 0  nVrrin
1 0 0  nrVrrin 
1 6 0  nVrrin
— ^ — 120 nVrrin
(d)
— ♦— 80 rrVrrin —■ — 10 0  nVrrin —is— 12 0  rrVrrh
K  14 0  rrVrrin —* — 16 0  nVrrin
■ 80 nVrrin 
- 1 4 0  nVrrin
100 nVrrin 
16 0  nVrrin
12 0  nVrrin
(e) (f)
Figure 6.7 AErms intensity for different cutting conditions and at various wear stages 
for first experiment (continued on next page)
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—♦—  80 mfrrin — 100 mfrrin —#— 120 mfrrin
—*— 140 mfnrin —SK— 160 rrYnrin
(g )
—♦—  80 rr/rrin —m— 100 rrynin — 120mfrrin
—H—  140 mfrrin -* — 160 nYrrin
00
(i) 0)
Figure 6.7 AErms intensity for different cutting conditions and at various wear stages
for first experiments
—♦—  80 mfrrin —■—  lOOmirrin 120mfrrin
—N— 140 mfrrin —*— 160 mfrrin
— ♦— 8 0  mfnrin — 1 0 0  mfrrin — é —  1 2 0  mfrrin
—* — 1 4 0  mfrrin —* — 1 6 0  mfrrin
The AErms signal generally increases with the increase of the cutting velocity and the tool 
wear. These increases can be associated with the increase in cutting forces, which 
contributes predominantly to the cutting energy. It was previously mentioned that the 
increase in AErms signal is proportional to the increase in cutting energy. Flank wear also 
has significant influence on the AErms values. At a high value of flank wear, the cutting 
edge becomes blunt and rubbing actions between the flank face and newly machined 
surface is more prominent than when the tool is new. Besides the friction, when the 
cutting edge is blunt, ploughing forces and built-up edge effect may occur and contribute 
to the increase in cutting power, as also argued by previous authors [44-45]. However,
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due to the effect of crater wear on the tool rake face, the AEm^ signals intensity can be 
significantly reduced. This is due to changes in the geometry of the cutting tool, where 
the effective rake angle is increased in positive direction. Such a finding has also been 
observed by some previous researches [16,65,203], where the positive increase in 
effective rake angle is inversely proportional to the AErms values. Also the crater wear 
reduces the chip interference to the cutting operation and hence to the acoustic emission 
signals by continuously curling the chip and moving it away from the cutting point, 
thereby reducing the acoustic signals generated by both chip breaking and chip 
impingement on the cutting tool or workpiece.
The variation of cutting force with feed for various stages of wear is presented in Figure 
6.8 (a-j) below:
♦  80 nVrrin —♦ — 100 m/min —&— 120 m/min
■ ><■■■ 140 m/min —m— 160 m/min
(a)
■ 80 m/min
■ 140 nVrrin
• 100 m/rrin 
■ 160 nrVmin
■ 120 nVmin
♦  80 nVrrin ♦  100 nVrrin —£ r-1 2 0  nVrrin
H 140 m/rrin —m— 160 nVrrin
(b )
■ 80 nVrrin
■ 140 nVrrin
■ 100 nVrrin 
■ 160 rrVrrin
120 nVrrin
( c )  (d )
Figure 6.8 Cutting force variation for different cutting parameters and for various 
flank wear stages (continued on next page)
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0 .4  0 .5
feed(m rrVrev)
■80 rrVrrin 
■140 rrYrrin
10 0  nVrrin 
16 0  rrYrrin
■120 rrYrrin
(e)
feed(rrnYrev)
»  80 nYrrin —» —  100 rrYrrin - —  12 0  nYrrin
- M  14 0  nYrrin IK 160 rrYrrin
w
— ♦— 8 0  nYrrin — ♦— 1 0 0  nYrrin - — 1 2 0  nYrrin
— * — 1 4 0  nYrrin X  1 6 0  rrYrrin
( g )
■80 nYrrin 
■ 1 4 0  nYrrin
10 0  nYrrin 
16 0  nYrrin
1 2 0  nYrrin
(h)
fe e d (rm Y re v)
■80 nYrrin 
■ 1 4 0  nYrrin
• 10 0  nYrrin 
• 1 6 0  nYrrin
■ 1 2 0  nYrrin
(i)
(V\fear stage 10) 0.377< VB <0.47mm
feecKrmYrev)
•80 nYrrin 
•140 nYrrin
100 nYrrin 
160 nYrrin
(j)
120 nYrrin
Figure 6.8 Cutting force variation for different cutting parameters and for various
flank wear stages
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The relation between radial force and cutting parameters under different tool wear 
conditions is presented in Figure 6.9 (a-j) below:
( W e a r  s t a a e  1 1  0 <  V B  < 0 . 0 7 8 m m (Wear stage 2) 0.078< VB <0.108mm
0 .4  0.5
feed(rrrrVrev)
■" »  80 m/min »  100 rrVmin - — 120  rrVmin
M 14 0  rrVmin m 160 rrVmin
(a)
(Wear stage 3) 0.108< VB  <0.147mm
fe e d (m rrV re v )
■ 8 0  rrVrrin 
» 1 4 0  rrVnin
■ 1 0 0  nVrrin
■ 1 6 0  nVrrin
1 2 0  nVrrin
(c)
0 .4  0 .5
fe e d (m n V re v)
— ♦ — 80 rrVrrin — #— 10 0  rrVmin —$ — 1 2 0  rrVrrin
— 1 4 0 rrVrrin —* — 16 0  rrVmin
(b)
(Wear stage 4) 0.147< VB <0.173mm
8 0 rrV m n  
1 4 0  nVirin
■ 1 0 0  rrVrrin
■ 1 6 0  rrVrrin
1 2 0  rrfrrin
(d)
0 .4  0 .5
fe e d (m rrV re v )
0 .4  0.5
feed(rm Vrev)
♦ - ■ 8 0  rrVrrin — #— 1 0 0  rrVrrin — 1 2 0 i r V mi n ♦ 80 rrVrrin ♦ 100 rrVmin —&— 12 0  rrVrrin
— ^ — 1 4 0  n Vrrin — sit— 1 6 0  rrVrrin —N— 140  rrVrrin X  160 rrVrrin
(e)
Figure 6.9 Radial force variation for 
flank wear stages
W
different cutting parameters and for various 
(continued on next page)
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feed(rrnYrev) feed(rm Yrev)
—♦— 80 nYrrin —♦— 100 nYrrin —* — 120  nYrrin
—w— 140  nYrrin -H K — 160 nYrrin
( g )
(V\fear stage 9) 0.333< VB <0.377mm
■80nYrrin 
■140 nYrrin
100 nYrrin 
160 nYrrin
•12 0  nYrrin
(h)
0 .4  0.5
feed(rm Yrev)
0 .4  0.5
feed(rm Yrev)
—♦— 80 nYrrin — 1 00 nYrrin —s?— 120  nYrrin —♦— 80rrYrrin — 1 00 nYrrin —* — 12 0  nYrrin
—i f — 140  nYrrin * ■  16 0 rrfm n —w— 14 0  rtYnrin —* — 160 nYrrin
(i) Ü)
Figure 6.9 Radial force variation for different cutting parameters and for various
flank wear stages
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The relation between feed force and cutting parameters under different tool wear 
conditions are presented in Figure 6.10 (a-j) below:
(Wear stage 1) 0< VB <0.078mm
—4 — 80 nYrrin — • — 10 0  nYrrin - - é — 12 0  nYrrin
■-H ■ 1 4 0  rrYrrin )K 16 0  nYrrin
■80 nYrrin 
■140 nYrrin
■100 nYrrin 
■160nrVnin
■120 nYrrin
(a)
(Wear stage 3) 0.108< VB <0.147mm
(b)
(Wear stage 4) 0.147< VB <0.173mm
(c)
(Wear stage 5) 0.173< VB <0.203mm
(d)
(Wear stage 6) 0.203< VB <0.235mm
■ 80 nYrrin
■ 14 0  nYrrin
10 0  nYrrin 
160rrYrrin
■ 12 0  nYrrin •8 0  nYrrin 
■ 14 0  nYrrin
■ 100 nYrrin
■ 160 nYrrin
■120 nYrrin
(e) (f)
Figure 6.10 Feed force variation for different cutting parameters (for the first 
experiment) and various flank wear stages (continued on next page)
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(Wear stage 7) 0.235< VB <0.298mm (Wsar stage 8) 0.298< VB <0.333mm
0.2 0 .3 0 .4  0 .5
feed(rrm frev)
0.6 0 .7
— ♦—  80 nYrrin — $— 10 0  rryrrin — 120rrYrrin
K  14 0  nYrrin —# — 16 0  nYrrin
( g )
0 .4  0.5
feed(rmnfrev)
-8 0  nYrrin 
■140rrYrrin
lOOrrYrrin 
160 rryrrin
■120rrYrrin
(h)
(Wear stage 9) 0.333< VB <0.377mm (Wear stage 10) 0.377< VB <0.47rrm
0 .4  0 .5
feed(rrm frev)
0 .4  0.5
feed(rmrfrev)
■ 80 nrYrrin 
• 14 0  rrYnrin
lOOrrYrrin 
160 rryrrin
• 12 0  rrYnrin —♦— 80 nYrrin —$— 100 nYrrin — 1 20 nYrrin
—w— 140 nYrrin ■■ x -  160 nYrrin
( i ) a)
Figure 6.10 Feed force variation for different cutting parameters (for the first 
experiment) and various flank wear stages
The cutting forces are significantly influenced by both the feed rate and cutting velocity, 
as well as the flank wear. The increase in feed rate will increase the values of three force 
components (tangential, radial and feed force), while an increase in cutting speed will 
reduce the force values. Flank wear, crater wear and chipping of the cutting edge affect 
the performance of the cutting tool in various ways. These three force components are 
normally increased by the tool flank wear. Flank wear and chipping invariably increase 
the cutting forces, through rubbing and ploughing actions.
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Digital filtering and spectrum density analyses briefly discussed in chapter 4 (section 
4.2.1) were applied to both the AE^s and cutting forces signals. Below are the graphs 
obtained from the time to frequency domain transformation. However, in these graphs no 
filtering has been applied to the signals (Figure 6.11). From the signal frequency 
observations, it was then decided for the turning operation, that the filtering region was 
set to a frequency bandwidth of 0 -  1000Hz. This frequency bandwidth was selected, 
since this was found to be the most sensitive region to the cutting process and wear.
Spectrum Density of AErms Spectrum Density of AFrmc;
Frequency (Hz) 0 0 
3-D View Observation Number
100 150 200 250
Observation Number
Top View
(a)
Spectrum Density of Tangential Force (Fx) Spectrum Density of Tangential Force (Fx)
Frequency (Hz)
100
Observation Number
100 150 200 250
Observation Number
Top View
(b)
Figure 6.11 Spectrum density of the (a) A E ms (b) cutting force (c) radial force
(d) feed force for various number o f observations (continued on next page)
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Spectrum Density of Radial Force (Fy)
Spectrum Density of Radial Force (Fy)
Frequency (Hz) 0 0
3-D View
Observation Number
(C)
100 150 200 250
Obseravtion Number
300
Top View
Spectrum Density of Feed Force (Fz)
Frequency (Hz) 0 0
300
Observation Number
3-D View
£
1400 
1200 
1000 
_  800 
I  600
-L
400
200
0
Spectrum Density of Feed Force (Fz)
!
i_______________________________ :
50 100 150 200 250
Observation Number
Top View
300
(d)
Figure 6.11 Spectrum density of the (a) AErms (b) cutting force (c) radial force 
(d) feed force for various number of observations
The frequency spectrum of the three force components in Figure 6.11 (b), (c) and (d) 
above show that, as the wear on the cutting tool progresses, the frequency distributions of 
the signals in the higher frequency region increase. This increase is due to the cutting 
instability which causes more force fluctuations. This instability is attributed to the
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greater rubbing and tearing associated with a high value o f flank wear. Also as both the 
flank and crater wear progress, the rigidity and strength of the material near the cutting 
edge are reduced and thereby contribute to cutting instability. This creates a situation 
where chipping or tool breakage is eminent. Despite the sensitivity o f the mean of A E ^  
signal to the cutting condition, little or no information on the relationship between 
spectrum of AErms and cutting condition can be found from the frequency spectrum 
(Figure 6.11(a)). This is because the AE^s can be regarded as the dc component o f the 
signal and hence the bandwidth is located in a lower region of the frequency distribution. 
Based on this fact, it was decided that AErms spectrum will not be used in this experiment 
as the input feature. However some authors, such as Leem and Domfeld [21], Govekar 
and Grabec [36], have used this FFT algorithm to derive the spectrum of AE^s signal 
features which were employed as the inputs to neural network models.
Time series analyses of the three force components were performed according to the 
method described in chapter 4. An order o f 3 was selected and applied to the time series 
model. The model coefficients obtained from these time series analyses are presented in 
figure 6.12 below.
3rd Order Autoregressive Time Series of Cutting Force (Fx)
CO . ' I  ------------------------ 1------------------------ 1------------------------ 1------------------------ 1________________I_______________
0 50 100 150 200 250 300
Observation Number 
(a)
Figure 6.12 Coefficients of 3rd order autoregressive time series o f (a) 
cutting force (b) radial force and (c) feed force (continued on next page)
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3rd Order Autoregressive Time Series of Radial Force (Fy)
50 100 150 200 250 300
50 100 150 200 250 300
3rd Order Autoregressive Time Series of Feed Force (Fz)
300
50 100 150 200 250 300
(c)
Figure 6.12 Coefficients of 3rd order autoregressive time series o f (a) 
cutting force (b) radial force and (c) feed force
0
0
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A statistical approach for estimation o f standard deviation was also applied (eq. 6.1) to 
the signal and the standard deviation was then used as an input along with other features.
s =
1
n=l
N - l
Where N is the number o f the sampled data
(6.1)
6.3.3 Neural Network Modeling
A total o f 27 features were used as the model input to the neural network. These inputs 
included:
• Means o f the dynamic signals o f AEnns, cutting force, radial force and feed force 
(4 features)
• Standard deviation of the dynamic signals o f cutting force, radial force and feed 
force (3 features)
• Means o f spectrum density o f cutting force, radial force and feed force in a lower 
frequency region (0 -3 0 0  Hz) (3 features)
• Means o f spectrum density o f cutting force, radial force and feed force in a 
medium frequency region (300 -  600 Hz) (3 features)
• Means o f spectrum density o f cutting force, radial force and feed force in a lower 
frequency region (600 -  1000 Hz) (3 features)
• First autoregressive coefficient from the time series analysis of cutting force, 
radial force and feed force (3 features)
• Second autoregressive coefficient from the time series analysis o f cutting force, 
radial force and feed force (3 features)
• Third autoregressive coefficient from the time series analysis of cutting force, 
radial force and feed force (3 features)
• Cutting speed and feed rate (2 features)
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Figure 6.13 The neural network model for the first experiment
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Three hidden layers which have 31 processing elements were assigned for each layer. 
Two output patterns of flank wear (VB) and crater wear area obtained from the 
measurement were used as the desired outputs, as can be illustrated by Figure 6.13 (Some 
connections have been omitted, to simplify the drawing).
Two other network models, the Kohonen Self Organizing Map (KSOM) and 
Backpropagation with the ordinary delta rule were employed for comparison with the 
Backpropagation network with the heuristic EDBD learning rule. The comparison was 
based on the recall ability o f each network during the training for the same number of 
iterations. Recall is defined as a process of obtaining the estimated output from the model 
by inputing the same set o f training data, which have been used previously in training 
process. This was done to evaluate the learning capability o f each network to ‘memorize’ 
the output patterns for the corresponding inputs. At certain iteration intervals, the training 
processes were interrupted and the neural network models were tested against the input 
data, to inspect the average error. The average error term is defined as the difference 
between the actual desired output and the predicted output pattern, when the network 
model is recalled. The comparison of recall ability o f various neural network models is 
shown in figure 6.14 below.
Iteration Numbers 
»  Kohonen SOM
«• ♦ »- Normal Backpropagation Delta Rule 
-»♦»-Backpropagation with EDBD
Figure 6.14 Error comparison for the recalling process between the actual output 
and model output o f various network paradigms
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From the comparison above, it ccould be seen that the errors in both KSOM and 
Backpropagation with standard delta rule were higher than the Backpropagation with 
EDBD network. The average errors o f the KSOM and Backpropagation with the standard 
delta rule converged at 26% and 16% respectively after 106 iterations, while the error for 
Backpropagation with EDBD model converged at 0.35% after the same number o f 
iterations. The superiority in learning o f this model is due to the heuristic guided search 
that was composed of the adjustable learning rate and momentum term as was described 
in chapter 5. These features not only increased the accuracy but also speed up the rate of 
convergence. Based on these findings, it was decided that the Backpropagation model 
with the EDBD learning rule would be used for prediction for the next stage, which 
includes testing the model accuracy.
The testing process was performed to evaluate the model ability to derive a rational or 
intelligent output based on the pattern recognition capability and feature mapping o f any 
arbitrary input. For this process, 22 sets o f input patterns were randomly selected and 
reserved for testing purposes, while the rest of 278 data were used in the training process. 
After the training o f neural network lasting one million iterations, these 22 sets of input 
pattern were fed to the model and the comparison between the result o f actual and 
predicted output is presented in Figure 6.15 and table 6.2 below.
R a n d o m l y  S e l e c t e d  N u m b e r  o f  O b s e r v a t i o n s  
♦  ■ ■ ■ Actu al F l a n k  W e a r  — ■ —  F t e d i c t e d  F l a n k  W e a r
5)
Figure 6.15 Comparison between the actual and estimated value o f (a) flank wear 
and (b) crater wear for the first experiment (continued on next page)
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Comparison of Actual and Predicted Values of Crater Wear Area
■ A c tu a l C r a t e r  W e a r ■ P r e d ic te d  C r a t e r  W e a r
(b)
Figure 6.15 Comparison between the actual and estimated value of 
(a) flank wear and (b) crater wear for the first experiment
Table 6.2 Comparison between actual and predicted value 
o f flank and crater wear for the first stage experiments
Observation A c  : A ctu a l C ra te r P re d icte d  F la n k Predicted Crate r A b s . E r r o r A b s  E rro r R e a ltive  E rro r
N u m b e r W e a r (m m ) W e a r (m m 2 ) W e a r (m m ) W e a r (m m 2) o f C ra te r W e a r F :
3 4 0 .0 8 5 5 2 .2 2 3 2 0 .0 7 4 0 1 . 8 1 4 3 0 . 0 1 1 5 0 .4 0 8 9 1 3 . 4 2 % 1 8 .3 9 %
5 2 0 . 1 0 7 0 3 . 0 7 2 7 0 .0 9 1 1 2 .4 9 7 2 0 .0 1 5 9 0 .5 7 5 5 1 4 . 8 7 % 1 8 . 7 3 %
6 8 0 .1 2 5 5 3 .3 5 5 1 0 .1 2 3 5 3 . 2 1 7 7 0 .0 0 2 1 0 . 1 3 7 4 1 . 6 4 % 4 . 1 0 %
8 3 0 .1 4 2 9 3 .4 2 0 1 0 . 1 3 1 2 3 .3 9 1 3 0 . 0 1 1 7 0 .0 2 8 7 8 .2 0 % 0 .8 4 %
1 1 0 0 .1 6 6 6 3 .7 8 6 5 0 . 1 8 1 3 4 . 1 7 1 1 0 .0 1 4 6 0 .3 8 4 5 8 . 7 7 % 1 0 . 1 6 %
1 1 4 0 .1 6 9 4 3 . 8 7 1 8 0 .1 4 5 0 3 .4 3 4 5 0 .0 2 4 4 0 .4 3 7 3 1 4 . 4 1 % 1 1 . 2 9 %
1 2 0 0 . 1 7 3 5 4 .0 0 2 5 0 . 1 7 1 8 3 .8 9 7 5 0 .0 0 1 7 0 .1 0 5 0 0 .9 9 % 2 .6 2 %
1 3 5 0 . 1 8 4 7 4 .3 0 2 1 0 . 1 8 1 4 4 .2 9 8 0 0 .0 0 3 3 0 .0 0 4 1 1 . 7 8 % 0 . 1 0 %
1 4 1 0 .1 9 0 1 4 . 4 0 1 2 0 . 2 1 1 9 4 .4 5 2 4 0 .0 2 1 8 0 .0 5 1 2 1 1 . 4 8 % 1 . 1 6 %
1 4 9 0 .1 9 8 4 4 .5 1 4 9 0 . 1 7 8 2 4 .2 9 8 4 0 .0 2 0 2 0 .2 1 6 5 1 0 . 1 8 % 4 . 7 9 %
1 6 2 0 .2 1 5 3 4 . 6 7 2 7 0 . 2 1 7 1 4 .7 6 6 3 0 .0 0 1 9 0 .0 9 3 6 0 . 8 7 % 2 .0 0 %
1 7 4 0 .2 3 4 4 4 .8 1 5 5 0 .2 1 8 3 4 .5 7 4 6 0 .0 1 6 1 0 .2 4 0 9 6 .8 6 % 5 . 0 0 %
1 8 7 0 .2 5 7 8 4 .9 8 0 9 0 .2 2 1 9 4 .6 3 9 5 0 .0 3 5 9 0 .3 4 1 4 1 3 .9 3 % 6 .8 5 %
2 0 4 0 .2 8 8 5 5 . 1 7 9 6 0 .2 8 4 8 5 .2 6 6 6 0 .0 0 3 8 0 .0 8 7 0 1 . 3 1 % 1 . 6 8 %
2 1 3 0 .3 0 2 7 5 . 2 5 1 5 0 .3 1 9 5 5 . 1 9 7 3 0 .0 1 6 8 0 .0 5 4 2 5 . 5 5 % 1 . 0 3 %
2 2 5 0 .3 1 8 0 5 . 2 9 7 4 0 .2 9 3 2 5 . 1 3 2 4 0 .0 2 4 7 0 .1 6 5 0 7 . 7 8 % 3 . 1 1 %
2 3 8 0 .3 3 0 4 5 . 2 9 7 7 0 .3 7 9 3 5 . 4 7 1 8 0 .0 4 8 9 0 . 1 7 4 1 1 4 . 7 9 % 3 .2 9 %
2 4 4 0 .3 3 5 9 5 . 2 9 1 5 0 .3 0 8 8 5 . 1 9 1 5 0 .0 2 7 1 0 .1 0 0 0 8 .0 8 % 1 . 8 9 %
2 5 7 0 . 3 5 1 7 5 . 2 8 7 7 0 .3 3 4 1 5 . 2 3 2 7 0 . 0 1 7 5 0 .0 5 5 0 4 .9 9 % 1 . 0 4 %
2 7 4 0 .3 9 0 0 5 .3 0 8 1 0 .3 6 8 9 5 .4 0 4 5 0 .0 2 1 1 0 .0 9 6 4 5 . 4 1 % 1 . 8 2 %
2 8 8 0 .4 3 5 2 5 . 3 1 3 5 0 . 4 2 1 4 5 .2 8 0 3 0 .0 1 3 8 0 .0 3 3 2 3 . 1 7 % 0 .6 3 %
2 9 5 0 .4 5 7 0 5 . 3 1 5 5 0 .4 4 5 7 5 . 1 6 1 7 0 . 0 1 1 3 0 .1 5 3 8 2 . 4 7 % 2 .8 9 %
A v g  err 7.3 2% 4.70 %
Max err 14.8 7% 18.73%
Min err 0.87% 0.10%
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The average error in prediction o f the flank wear was 7.32%, while that for the crater 
wear was 4.70%. These results show that the model prediction based on the 
Backpropagation with EDBD learning rule has higher degree o f accuracy compare to the 
others two models.
6.4 SECOND STAGE EXPERIMENTS
6.4.1 Experimental Design and Parameters Selection
The aim o f the second stage experiments is the prediction o f workpiece surface roughness 
by the neural network model, together with the prediction o f flank wear and crater wear. 
The experimental design was based on a simple factorial design o f 4x4x4x4 which 
comprised o f four cutting speeds ranging from 100 to 160m/s, four feed rates ranging 
from 0.1 to 0.7mm/rev, four wear stages and four depth o f cuts ranging from 1 to 2.5 mm. 
A new cutting insert was used for each depth o f cut. The cutting tests were performed in 
such a way that when one o f the cutting parameters was varied, other cutting parameters 
were maintained constant. A total cutting time of approximately 40 minutes was required 
for every different depth of cut. A total cutting time is defined as the effective cutting 
time starting from the fresh tool condition until the tool is severely worn or a catastrophic 
failure occurs. Average cutting time for each cut was 37 seconds. The average length of 
each cut was kept longer compared to the first stage experiments. This was done in order 
to have enough surface for resting the portable surface roughness meter and to take 
observations o f the surface roughness. The surface roughness observations were taken at 
two locations along the length of the cut. At each location two observations at 
approximately 180° apart were taken. The average of these four observations was used as 
the input to the neural network models. The portable surface roughness meter was a 
portable Taylor-Hobson Surtronic 3, which utilised the touch sensor stylus system 
(Figure 6. 16).
155
Chapter 6 Experimental Results and Discussions
Trigger 
button for 
measuring
Display
reading
Stylus
Parameters and 
cut off selection
Figure 6.16 Taylor-Hobson Surtronic 3 surface roughness
meter
6.4.2 Experimental Results and Discussion
The flank and crater wear developed progressively as can be shown in figure 6.17 below. 
Figure 6.17 (a and b) below is divided into four sections, in which each section represents 
the different depth of cut. The cutting tests were performed based on the factorial design 
mentioned above and were done in such a way that when one of the cutting parameter 
was varied, others cutting parameters were maintained constant. Hence, a series o f cuts 
that comprises o f 16 cuts (depth of cut constant, 4 cutting speeds and 4 feeds) was 
obtained from this combination. Both of the tool flank wear and crater wear were 
measured at the end of the each series. The series is repeated four times for one depth of 
cut and therefore four tool wear measurements was obtained for the same depth of cut (i.e 
16th, 32nd, 48th and 64th observation number), which were then referred as the 1st, 2nd, 3rd, 
and 4 wear stages. After each series the wear length increased and hence the trend of the 
graphs in Figure 6.17. However for the 2.5mm depth of cut, the number o f observations 
only reached up to 40 observation. This was due to severe wear on the cutting tool that
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caused the tool to lose its cutting edge. A high order polynomial curve was fitted in the 
wear values o f the four stages for each depth o f cut. From these curves, the intermediate 
values for each respective stage were derived for various depth f  cut. The values o f tool 
wear obtained from both measurements and interpolation, along with their corresponding 
cutting parameter are presented in Appendix C.
Crater Wear for Various Depths of Cut at Various Wear Stages
(b)
Figure 6.17 (a) Flank wear and (b) crater wear area for various depth of cut and wear
stages for the second experiment
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The AErms values obtained from the second stage experiments are presented in Figure 
6.18(a-d), and the three force components - tangential, radial and feed force during 
cutting operations are presented in Figures 6.19(a-d), 6.20(a-d) and 6.21(a-d) 
respectively. Each figure contains the data obtained from the combinations o f four feeds 
and cutting velocities at four wear stages which correspond to the 1st, 2nd, 3rd, and 4th 
wear stages mentioned above.
AErms for various feeds and cutting velocities at 1 rrmCtepth AEms for various feeds and cutting velocities at 1.5 nrm
A vc=1Q0rrVmin ■ X vc=120nVrrin
..vc=140rrVrrin — vc=160nYrrin
(a)
A vc=100nVrrin X vc=120nVmin
..%...vc=140nYnin — +— vc=160rrVrrin
(b)
AErms for various feeds and exiting velocities at 2 nrm Cfcpth AEms for various feeds and cutting velocities at 2 5 rrm
(c) (d)
Figure 6.18 AErms intensity for various cutting conditions and wear stages in
the second experiment
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The AErms signals increase with the increase o f the cutting speed and tool flank wear as 
was discussed in the first stage experiments. Feed variations however show little 
correlation to the AErms signal. Variations o f the depth o f cut also show little or no 
influence on the intensity o f the AErms- Those were also observed previously by some 
researchers [17,65,203]. However some deviation in the trends o f AErms signal, for 
example Figure 6.18(a) - 4 stage of wear, the signal increases with the increase o f feed. 
This increase can be possibly attributed to the chip tangling or impingement o f the 
continuous chip on the workpiece or tool.
Cutting force fa  various feeds and cutting velocities at 1 rrm 
Depth of Cut
Cutting force for various feeds and cutting velocities at 1.5 
rrm Depth of Cut
— A — v c = 10 0 rrV m in -  X  -  v c = 1 20rrVmin
— v c = 140rrVmin — v c = 16 0 n V m in
(a)
Cutting force for various feeds and cutting velocities at 2 rrm 
Depth of Cut
1 stage of wear 
(KVB50.142mm
à vc = 1Q 0 rrV m in X  vc = 12 0 rrV m in
-■■ft— v c = 140rrVmin ♦  v c  =  160rrVmin
(b )
Cutting force for various feeds and cutting velocities at 2.5
rrmCfepthof Cut
2 stage of wear 
0.142<VB<;0.223mm
3 " stage of wear 
0.223 <VB 
¿0.353mm
4ft stage of wear 
0.266 <VB 
¿0.408mm
0.1
.1  0.3 0 .5 0 .7  0 .1  0 .3  0 .5 0 .7  0 .1 0 .3  0 .5  0 .7  0 .1  0.3 0 .5  0 .7  Q 1  0 .3  0.5 0 .7  0.1 0 .3  0 .5 0 .7 0.1 0 .3  0 .5 0 .7  0 .1 0 .3  0.5 0 .7
feed (mm /rev) feed (mrrVrev)
A .- v c = 1 0 0 n V m i n  — x —  v c = 12 0 n V m in à vc = 10 0 n rV m in X  v c = 1 2 0 n V m in
— X — v c  =  140nVm in — v c  =  160rrVmin — X — v c = 14 0 m / m in »  v c  =  160nVm in
( C )  ( d )
Figure 6.19 Cutting force at various cutting conditions and wear stages
in second experiment
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Radial face  fa  various feeds and cutting velocities at 1 rrm 
H Q  Deothof Cut
Radial face fa  various feeds and cutting velocities at 1.5
rrm  rfcW-h rtf O  rl
0.1 0.3 0.5 0 .7  0 .1 0.3 0.5 0 .7  0 .1 0.3 0.5 0 .7
fe e d  (mm /rev)
0 .1 0.3 0.5 0 .7
A  v c  =  100m /m in -  x  v c  =  120nVm in
X  v c  =  140rrVmin — A —  v c = 160rrVrrin
0 .1 0.3 0.5 0 .7  0.1 0.3 0.5 0 .7  0.1 0.3 0.5 0 .7
________  fe e d  (mrrVrev)
0 .1 0.3 0.5 0 .7
— à — v c  =  100rrVrrin 
—% .....v c = 1 4 0 n V n in
*v c = 1 2 0 r r V r r in  
- v c  =  160nVm in
Radial force fa  various feeds and cutting velocities at 2 rrm 
___________________ Depth of Cut
2“  stage of wear 
0.139 <VB¿0.212mm
3 stage of wear 
0.212<VB 
¿0.279mm
1 stage of wear 
0¿VB¿0.142mm
w
Radial face for various feeds and cutting velocities at 2.5 
________________rrm Depth of Cut
2 stage of wear 
0.142<VB¿0.223mm 3 stage of wear 
0.223 <VB 
¿0.353mm
4a stage of wear 
0.266 <VB 
¿0.408mm
0.1 0.3 0.5 0 .7  0.1 0 3  0 3  0 .7  0.1 0 3  0.5 0 .7
feed (mm/rev)
0.1 0.3 0.5 0 .7
— A — v c  = 100m/min -  X '  v c  = 120m/min
— X .....v c  = 140m /min — A — v c  = 160m/min
0.1 0.3 0 5  0 .7  0.1 0.3 0 5  0 .7  0.1 0.3 0.5 0 .7
feed (mm/rev)
0.1 0.3 0.5 0 .7
(c)
— A —  v c  = 1 00m/min -  ) (  v c  = 1 20m/min
—- X ....v c  = 140m/min —■■A.....v c  =  160m/min
(d)
Figure 6.20 Radial forces for various cutting conditions and wear stages for
second stage experiments
2 .7  
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1 .7  
12 
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Feed force fa  various feeds and cutting velocities at 1 rrm 
__________________ Depth of Cut__________________
Feed face for various feeds and cutting velocities at 1.5 rrm 
Depth of Cut
I a stage of wear 
0¿VB¿0.126 mm
k £
0.1 0 3  0 3  0 .7
2 stage of wear 
0.126 <VB¿0.206mm
z
0.1 0.3 0.5 0 .7
3r< stage of wear 
0.206 <VB 
¿0.266mm
/
4 stage of wear 
0.266 <VB 
¿0.408mm
0.1 0.3 0 5  0 .7  ' 0.1 0.3 0.5 0 .7 0 .1 0.3 0 .5 0 .7  0.1 0.3 0.5 0 .7  0.1 0.3 0.5 0 .7  0.1 0.3 0.5 0 .7
feed (mm /rev)
— à— v c  = 100m/min — X — v c  = 120m/min
— X — v c  = 140m /min — A — v c  = 160m/min
— A — v c  = 100m/min —■X— v c  = 120m/min
— X — v c  =  140m /min —- A — v c  = 160m/min
(a) (b)
Figure 6.21 Feed forces at various cutting conditions and wear stages for 
second experiment (continued on next page)
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F e e d  f o r c e  f o r  v a r i o u s  f e e d s  a n d  c u ttin g  v e lo c itie s  a t  2  m m  
D e p t h  .o f C u t
F e e d  f o r c e  f o r  v a r i o u s  f e e d s  a n d  c u ttin g  v e lo c itie s  a t  2 1 
p t h .o f  C u t
0.1 0.3 0.5 0 .7  0.1 0.3 0.5 0 .7  0.1 0.3 0.5 0 .7
feed (mm/nev)
0.1 0.3 0.5 0 .7
—* —vc = 100m/min —H—vc = 120m/min
—* —vc = 140m/min ■■■♦■ vc = 160m/min
0.1 0.3 0.5 0 .7  0.1 0.3 0.5 0 .7  0.1 0.3 0.5 0 .7
feed (m nVrev)
0.1 0.3 0.5 0 .7
—A— vc = 100m/min X  vc = 120m/min
— —vc = 140m/min —♦ “ VC = 160m/min
(C) (d)
Figure 6.21 Feed forces at various cutting conditions and wear stages for
second experiment
The magnitudes of the three force components vary with the variation of cutting speed, as 
well as from the variation of cutting feed and tool wear (Figure 6.19, 6.20, 6.21). 
Generally, the decrease in cutting velocity and increase in feed cause an increase on 
cutting forces. The rate of increase in the three force components due to the feed rate is 
higher at bigger values o f depth of cut. This was caused by the greater load exerted by the 
machine at the higher depth of cut. The cutting forces generally increased as the tool 
flank wear increase. However, in some cases the increase in the tool flank wear was 
followed by the decrease in cutting forces (e.g Figure 6.19(d)). The cause of the decrease 
in the cutting forces at some intermediate level of flank wear is the increase in the 
effective rake angle o f the tool due to the effect of crater wear [39].
Frequency Spectrum of Cutting Force (Fx)
■1 C A P  _
Frequency Spectrum of Cutting Force (Fx)
Frequency(Hz) 0 0 Observation
100 150
Observation Number
200 250
3-D View (a) Top View
Figure 6.22 Frequency spectrum o f (a) cutting force (b) radial force 
and (c) feed force (continued on next page)
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Frequency Spectrum of Radial Force (Fy)
1 c n n
Frequency Spectrum of Radial Force (Fy)
(b)
Top View
Frequency Spectrum of Feed Force (Fz)
«!,*
' 100
300
Frequency(Hz) 0 0 Observation Number
3-D View
(C )
1500
1000
500
Frequency Spectrum of Feed Force (Fz)
mn i^n
O h ^ rv a tio n  N um ber
Top View
200 250
Figure 6.22 Frequency spectrum o f (a) cutting force (b) 
radial force and (c) feed force
The frequency spectrums also show increases in magnitude as the tool wear progresses 
(figure 6.22). This increase is associated with the cutting vibration and instability due to 
greater rubbing and tearing caused by the flank wear as also observed by Martin [79] and 
Tansel et al [201]. This effect also contributes to the increase in the surface roughness 
value.
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(a)
(b)
Figure 6.23 Coefficients o f 3rd order autoregressive time series o f (a) cutting 
force (b) radial force and (c) feed force for the second experiment
(continued on next page)
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a>
it=<DOO
a<D
<DOO
■ocCN
3rd Order Autoregressive Time Series of Feed Force (Fz)
Observation Number 
(C)
Figure 6.23 Coefficients o f 3rd order autoregressive time series of (a) cutting force 
(b) radial force and (c) feed force for the second stage experiments
Figure 6.23 illustrates the coefficient parameters o f the 3 order autoregressive time 
series model. The coefficient patterns exhibited by the model are more random than the 
patterns o f the model in the first stage experiments.
Surface Rxjghness (F&) for various feeds and culling
feed(rmYr©/)
— vc=100rrVrrin — X — vc=120m/rrin
vc=14QrrVrrin__________ — ♦— vc=160n/nin
(a)
Surface Rxjghness (Ra) for various feeds and cutting
feed(mnryra/)
■ A--vc=lCX3nVmin X vc=120rrVmin
..)K...vc=140nVmin —4— vc = 160nVmin
(b)
Figure 6.24 Surface roughness for various cutting conditions and wear stages
(continued on next page)
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Surface Roughness (Ra) for various feeds and cutting 
velocities at 2 mm Depth of Cut
0.1 0.3 0.5 0 .7  0 .1 0.3 0.5 0 .7  0 .1 0.3 0.5 0 .7  0.1 0.3 0.5 0.'
___________________________ fe e d  (m m /rev)___________________________
—* —vc = 100m/min —vc = 120m/min
...vc = 140m/min ... »... vc = 160m/min
(C)
Surface Roughness (Ra) for various feeds and cutting 
velocities at 2.5 mm Depth of Cut
feed (mm/rev)
—té—vc = 100m/min —X—vc = 120m/min
—* —vc = 140m/min ...» ...vc = 160m/min
(d)
Figure 6.24 Surface roughness for various cutting conditions and wear stages
The surface roughness in Figure 6.24 above is plotted in the same way as the plot for the 
AErms and forces, where the surface roughness are plotted against four feeds, four speeds 
and four wear stages. The surface roughness values are strongly influenced by the feed 
rate and tool wear. However, the cutting speed variation has very little or negligible 
influence on the surface roughness. For the higher depth of cut, the effect of the higher 
cutting load and the higher feed rate may cause chatter and vibration of the tool, which 
significantly affects the surface roughness. Although the surface roughness deteriorates 
with time, due to the tool wear growth, the initial roughness is mainly dependent on the 
tool geometry o f nose radius and the chosen feed rate (Figure 6.25). As the shape of the 
tool nose deteriorates due to wear, the surface roughness value increases.
Roughness due to 
Feed marks and tool 
geometry
Figure 6.25 Surface roughness o f the workpiece due to feed and tool nose
geometry
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6.4.3 Neural Network Modeling
A total o f 28 input features were derived from the AE„ns, force signals and cutting 
parameters (Figure 6.27). The same features those used as in the first experiment were 
employed, except that the depth of cut feature was also added to the input patterns. The 
output included surface roughness, the flank wear and crater wear area prediction. For the 
training purpose, 23 sets o f input and output pairs were randomly selected and reserved 
for the testing. The other 209 o f the input-output pairs were then used as the training 
patterns for the network model.
Using the new set o f input and output as mentioned above, the performance o f the 
Backpropagation network with EDBD learning rule was again compared to the 
unsupervised Kohonen Self Organising Map (KSOM) and Backpropagation with the 
standard Delta rule. The learning process was set to run for one million iterations. The 
results o f this comparison are presented in figure 6.26
1 0 0 0 0 0  2 0 0 0 0 0  3 0 0 0 0 0  4 0 0 0 0 0  5 0 0 0 0 0  6 0 0 0 0 0  7 0 0 0 0 0  8 0 0 0 0 0  9 0 0 0 0 0  1 0 0 0 0 0 0
Iteration Numbers
♦—  Kohonen SOM
— æ—  Normal Backpropagation Delta Rule 
— * —  Backpropagation w ith EDBD
Figure 6.26 Error comparison for the recalling process between the actual wear and 
model output o f various network paradigms for the second stage of experiments
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Depth o f cut 
Cutting Velocity
Mean o f Fy 
Mean o f  Fz 
Std.dev. Fx 
Std.dev. Fv 
Std.dev. Fz 
0-300Hz spec, o f Fx 
0-300Hz spec, o f Fy 
0-300Hz spec, o f Fz 
300-600Hz spec, o f Fx 
300-600Hz spec, o f Fy 
300-600Hz spec, o f Fz 
600-1000Hz spec, o f Fx 
600-1000Hz spec, o f Fy 
600-1000Hz spec, o f Fz 
1st AR coef. Fx 
1st AR coef. Fy 
1st AR coef. Fz 
2nd AR coef. Fx 
2nd AR coef. Fy 
2nd AR coef. Fz 
3rd AR coef. Fx 
3rd AR coef. Fy 
3rd AR coef. Fz
Flank
Wear
length
H rJ  S r J
hidden layer 1 hidden layer 2
H rJ
hidden layer 3
SrJ
Input layer
27 Inputs 31 nodes 31 nodes 31 nodes
Figure 6.27 Neural network model for the second stage experiments
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The recall ability o f the Backpropagation network with the EDBD learning rule was 
superior to the other models and hence it was used as the prediction model.
The input patterns o f the reserved 23 testing data were then fed in to the model to 
estimate the prediction outputs. These estimated outputs were then compared to the actual 
outputs. Comparisons o f the actual and predicted flank wear, crater wear o f the tool and 
surface roughness o f the workpiece that obtained from various cutting parameters 
(various speeds, feeds and depth of cuts) are shown in figure 6.28 below.
C o m  p a  ri s o n  o f  t h e  A c t u a l  P  r e  d i e t e d  F l a n k  W  e a r  ( v a r i o u s  s t a g e s )
2 3  31  4 2  5 7  6 2 6 7  8 5  9 3  9 9  1 0 2  1 2 7  '  1 3 7  1 4 9  1 5 7  1 5 9  1 62  1 82  1 8 9  2 0 1  2 0 5  2 0 7  2 2 4  2 2 9
R a n d o  m ly S e l e c t e d  O b s e r v a t i o n
•A c tu a I F la n k W e a r • P r e d i c t e d  F l a n k  W e a r
6 0 0
(a)
C o m p a r i s o n  o f t h e  A c  tu a l a n d  P r e d i c t e d  C r a t e r  W e a r  A r e a
( v a r i o u s  s t a g e s )
2 3  31  4 2  5 7  62 6 7  8 5  9 3  9 9  1 0 2  1 2 7  '  1 3 7  1 49  1 5 7  1 5 9  1 62  1 82  1 89
R a n d o m ly  S e le c te d  O b s e r v a tion
2 0 1  2 0 5  2 0 7  2 2 4  2 2 9
• A c t u a l  C r a t e r  W e a r *P re die t e d  C r a t e r W e a r
Figure 6.28 Model prediction of Backpropagation with EDBD network for (a) flank 
wear (b) crater wear area (c) surface roughness for the second experiment
(continued on next page)
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C o m p a r i s o n  o f t h e  A c t u a l  a n d  P  r e  d i e t e d  C r a t e r  W  e a r  A r e a  ( v a  r i o u s
R ando m ly S e le c te d  O b s e rv a t io n
A c t u a l  C ra t e r  W e a r  m P re d i c t e d  C r a t e r W e a r
(0)
Figure 6.28 Model prediction of Backpropagation with EDBD network for (a) flank 
wear (b) crater wear area (c) surface roughness for the second experiment
Table 6.3 Summary of error between the actual and predicted values o f flank wear, 
crater wear and surface roughness for the second experiment
Actual Predicted Abs. Error Rel. Error
Observ.
Number
FW
(x 10'2mm)
Cw
(x 10'2mm2)
Ra (urn) FW
(x 10‘2mm)
Cw
(x 10'2mm2)
Ra (|im) FW
(x 10‘Vnm)
Cw
(x 10'2mm2)
Ra FW Cw Ra
23 16.7000 188.2020 3.3400 16.6766 187.5192 3.9175 0.0234 0.6828 0.5775 0.14% 0.36% 17.29%
31 20.2000 200.4080 12.8900 20.6741 197.8514 12.5382 0.4741 2.5566 0.3518 2.35% 1.28% 2.73%
42 24.1000 206.4580 5.7100 20.6191 198.2191 6.4258 3.4809 8.2389 0.7158 14.44% 3.99% 12.54%
57 32.6000 225.6430 6.7100 31.7085 229.3181 7.7363 0.8915 3.6751 1.0263 2.73% 1.63% 15.30%
62 38.0000 238.7850 15.2100 37.1151 226.6514 17.4550 0.8849 12.1336 2.2450 2.33% 5.08% 14.76%
67 2.5300 84.9030 2.1100 1.8818 65.0608 2.0332 0.6482 19.8422 0.0768 25.62% 23.37% 3.64%
85 15.6000 305.8610 4.2400 15.7388 273.7928 4.6463 0.1388 32.0682 0.4063 0.89% 10.48% 9.58%
93 19.7000 328.0150 18.0500 20.9046 317.8565 21.5072 1.2046 10.1585 3.4572 6.11% 3.10% 19.15%
99 22.1000 338.8590 4.2000 17.8758 286.0761 3.9401 4.2242 52.7830 0.2599 19.11% 15.58% 6.19%
102 23.2000 344.6530 5.6700 21.3256 314.7854 6.2466 1.8744 29.8676 0.5766 8.08% 8.67% 10.17%
127 39.6000 391.5620 34.7700 36.9635 363.6604 30.4360 2.6365 27.9016 4.3340 6.66% 7.13% 12.46%
137 8.9300 241.8950 8.6300 8.1655 281.8472 7.2125 0.7645 39.9522 1.4175 8.56% 16.52% 16.43%
149 16.6000 370.2050 4.7600 16.6602 337.2890 4.8058 0.0602 32.9160 0.0458 0.36% 8.89% 0.96%
157 20.1000 397.9890 24.6300 19.0844 386.2242 23.6927 1.0156 11.7648 0.9373 5.05% 2.96% 3.81%
159 20.8000 402.2360 26.0200 16.9646 401.2089 25.1058 3.8354 1.0271 0.9142 18.44% 0.26% 3.51%
162 21.9000 407.9820 3.9900 24.2227 445.2382 3.6648 2.3227 37.2562 0.3252 10.61% 9.13% 8.15%
182 31.7000 462.3510 6.6600 29.6078 473.1890 7.9455 2.0922 10.8380 1.2855 6.60% 2.34% 19.30%
189 38.0000 482.8140 39.6400 31.4686 477.7500 32.8557 6.5314 5.0640 6.7843 17.19% 1.05% 17.11%
201 12.5000 343.0090 8.4800 11.4373 362.4988 9.4558 1.0627 19.4898 0.9758 8.50% 5.68% 11.51%
205 13.8000 406.7000 17.9500 9.9866 366.8729 15.5907 3.8134 39.8271 2.3593 27.63% 9.79% 13.14%
207 14.1000 427.5680 18.6500 15.5953 400.8009 20.8229 1.4953 26.7671 2.1729 10.60% 6.26% 11.65%
224 22.3000 514.5530 27.3300 19.6324 515.1774 24.8395 2.6676 0.6244 2.4905 11.96% 0.12% 9.11%
229 29.7000 524.0570 5.6700 25.7849 524.7101 5.3811 3.9151 0.6531 0.2889 13.18% 0.12% 5.09%
avg err 9.09% 5.75% 9.74%
27.63% 23.37% 19.30%
0.14% 0.12% 0.96%
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Table 6.3 presents a summary o f the errors between the actual and predicted values by the 
Backpropagation with EDBD learning rule when a set o f randomly selected were 
employed for predictions. It can be seen from table 6.3 that the average errors are 9.1%, 
5.75% and 9.74% for the flank wear, crater wear area and surface roughness respectively. 
From these results it can be seen that the Backpropagation neural network with EDBD 
learning rule is capable o f predicting the flank wear, crater wear and workpiece surface 
roughness with good accuracy.
6.5 THIRD STAGE EXPERIMENTS
6.5.1 Experimental Design and Parameters Selection
The third stage experiments emphasised the prediction o f the depth o f crater wear along 
with the flank wear and crater wear area. The experiment was based on a simple factorial 
design o f 5x5x13 which consisted o f 5 cutting speeds ranging from 80 to 160m/min, 5 
feed rates ranging from 0.3 to 0.7mm/min and 13 stages o f tool wear. In this experiment 
the depth o f cut was kept constant (1mm), while the cutting tests were performed in such 
a way that when one o f the cutting parameters was varied, the others cutting parameters 
were maintained to be constant.
In the experiment, tool wear generation was carried out differently compared to the 
previous experiments. A fresh tool was used to machine the workpiece continuously for 
approximately 5 minutes o f cutting time, using the median parameters o f the cutting 
speed and feed (i.e. 120m/min and 0.5 mm/rev). After this continuous machining, a 
measurement was taken for the depth o f crater wear, as well as the flank wear and crater 
wear area. Twenty five small cuts were then taken with different cutting speeds and feeds 
(5 speed, 5 feeds and depth o f cut constant). The wear growth during these 25 cuts was 
observed to be insignificant. Measurements o f crater wear and flank wear were carried 
out before and after this set o f 25 cuts. The average o f the two values was then used to 
represent the value o f tool wear at this stage. Further continuous turning was again 
carried out with the median parameters o f cutting speeds and feed till the second stage of
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wear. At this stage o f wear, again 25 cuts with the same combination of parameters as 
those for the first stage were taken. The wear measurements (flank wear, crater depth and 
crater area) were again carried out at the beginning and end of the second stage cuts (25 
cuts). A total o f 325 cuts (25 x 13) were thus taken for 13 wear stages.
The measurements for the depth of crater wear were conducted on a Tokyo Seimitsu 
Surfcom surface texture measuring instrument (Figure 6.29). The device can be divided 
into two different sections, namely as the measuring unit and controller.
Figure 6.29 (a) Measurement unit and (b) Control unit o f the measurement system
To determine the maximum depth of wear crater, a few equally spaced traces were taken. 
The maximum depth given by these traces was considered as the maximum crater depth. 
Once the maximum crater depth was found, the coordinate position was then marked and 
the clamping was set to the position, so that for the next stage measurements the tracing 
process would trace the same path. It was found that the coordinate position of the 
maximum crater wear profile path was located approximately at the middle o f the depth 
of cut and perpendicular to the main cutting edge. Similar approach has also been used by 
Usui et al [101] for the crater wear measurements.
6.5.2 Experimental Results and Discussion
The results o f flank wear and crater wear measurement obtained during the third stage 
experiments are presented in Figure 6.30 below.
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w ---------- ■------------->--------------<-------------1-------------«--------------1-------------1 i--------------1---------------1---------- 1-------------1----------------
0 1 2  3  4  5  6 7  8 9 1 0  1 1  1 2  1 3
Stages of Rank Wear
(a)
(b)
(c)
Figure 6.30 (a) Flank wear V B (b) crater depth KT and (c) crater area for the 13 wear
stages o f  the third stage experiments
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The variations o f A E ^  signal with feed and speed at various stages o f wear are presented 
in the graph figure 6.31 (a-m) below.
2.80
AErms for wear stage 2 (VB=0.14m)
0.3 0 .4 0.5
Feed (rmYrev)
0.6 0 .7 0.3 0.4 0.5
Feed (rmYrev)
0.6 0 .7
♦  80rrVmin —* —  100rrVmin ■ ■ A  120rrVmin
— X — 140 n V m in — X — 160m /m in
2 8 0
2 6 0
2 4 0
220
200
1.80
(a)
AErms for wear stage 3 (VB=0.17mm)
♦ 80nVm in — ■ — 100nVm in — A — 120 n V m in
— X — 140 n V m in — X — 16 0 n V rrin
(b)
AErms for wear stage 4 (VB=0.2Q2mm)
1.80
3 0.4 0.5
Feed (rmYrev)
0.6 0 .7  0.3 0.4 0.5
Feed (rmYrev)
0.6 0 .7
♦ 8 0 n V rrin  
X  14 0 n V rrin
' 1  100rrVmin 
■ X  1 6 0 n V n in
A  120nVrmin — ♦ —  80rrVnrin 
-  X  140 n V m in
— X —  lO O n Y n in  
— x —  160rrVmin
— A — 120  mf min
(c) (d)
»  80rrVmin 
X  140 n V m in
— 100nrVmi n
— 8 H *1 6 0 n V m in
■120rrVmin ■80rrVmin
-1 4 0 n V m in
100rrVm in
160rrVmin
• 12 0 n V m in
(e) (f)
Figure 6.31 Variation o f  AErms for various cutting conditions at
different wear in the third stage experiments (continued on next page)
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♦ 80 rrYrrin ■ ■ 1" ■ 100 rrYrrin à  12 0  rrYrrin
—)<" 14 0  rrYrrin *  160 rrYrrin
0 .3 0 .4 0 .5
Fæd (mr/rev)
0.6 0 7
(i)
— ♦— 80 rrYrrin ■  i œ  rrYrrin 1 ' *  120rrYrrin
■■>( 14 0  rrYrrin X  160 rrYrrin
0)
Q3 Q4 Q5 Q6 Q7
Feed (rrmirev)
— SOnVr r i n — 1 — 100 irVinn A  12 0 rryn in
—X —  1 4 0 n V n in  — x —  160rrVm'n
(k) (1)
♦ SOnfVrrin — * —  100 rrYrrin A  120 rrYrrin
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Figure 6.31 Variation o f  AErms for various cutting conditions at
different wear in the third stage experiments (continued on next page)
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—♦  80m/min —0— 100m/min A 120m/min
—X 140m/min • M 160m/min
1ST-----------------
Figure 6.31 Variation of AErmS for various cutting conditions at 
different wear in the third stage experiments
As observed in the previous experiments, the AE^s signals increase as the cutting speed 
and the tool wear increases. Feed rates, however, show no influence to the AErms signals. 
Similar results were also obtained by Lan and Iwata [64,157]. The decrease in AErms 
signal where the tool wear increases such as from the 9th wear stage to 10th wear stage 
(Figure 6.31 (i) and (j)) can be attributed to the effects of crater wear at that stage. The 
formation o f crater wear influences the geometry of the tool by increasing the effective 
rake angle, and consequently decreasing the AErms signal as seen in stage 9 and 10. 
Similar results have also observed by Blum and Inasaki [65].
The cutting force (Fx), radial force (Fy) and feed force (Fz) from the experiment can be 
illustrated in figure 6.32(a-m), 6.33(a-m) and 6.34(a-m) respectively below.
Cutting Force (Fx) for w ear stage 1 (VB = 0.1085nrn) Cutting Force (Fx) fa  wear stage 2 (VB=0.14rrrri
0.3 0.4 0.5 0.6 0
Feed (mrrYrev)
> 80 rTVm'n ■ ■ 100 nYnrin '120 nYrrin
— * -  140 nYrrin ■ 160 nYrrin
.3 0.4 0.5 0.6 0.7
Feed (rmYrev)
— ♦— 80 nYrrin ■ 100 nYrrin — à 120 nYrrin
M 140 nYrrin X 160 nYrrin
(a) (b)
Figure 6.32 Variation o f  cutting force for various cutting conditions at different wear
stages in the third stage experiments (continued on next page)
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Figure 6.32 Variation o f  cutting force for various cutting conditions at different wear
stages in the third stage experiments (continued on next page)
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Figure 6.32 Variation o f  cutting force for various cutting conditions at
different wear stages in the third stage experiments
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Figure 6.33 Radial force for various cutting conditions and wear stages
for the third experiment (continued on next page)
178
Ra
di
al
 F
or
ce
 (k
N)
 
Ra
di
al
 F
or
ce
 (k
N)
 
Ra
di
al
 F
or
ce
 (k
N)
Chapter 6 Experimental Results and Discussions
F&fel ftroeffy) fa  weer stape7(VB<1290Ehirt F&fel Rrœ(Fv) fa  weer staœ8(VB0.3156rrTf)
■■ ♦ a o m m n — ■— 100rrirm — * — 120 rrirrin
— * — 140rrirrii — * — 16 0 rrin ii
(g)
Fferfsl Rrce(Fy) faweer stg^9(VB=03315m)
■80 rrirrin 
■140 rrirrin
• lOOrrirrin 
■160 rrirrin
• 120 rrirrin
0.4 0 5 0.6 0 .7
Fæd(rmirew)
■ ♦ 80 rrirrin — ■— lOOrrirrin —* — 120 rrirrin
— M— 140 rrirrin — * — 160 rr/rrin
GO
Födel Rrœ(Fÿ) fa  weer stage 10(VB=Q3O6mr)
0.3 0.4 0.5
Fæd(mrrira/)
0.6 0 .7
(i)
-  aorrinrin — » — lOOrrirrin — * — 120 frin ii
— #— 140 rrirrin — ■— 160 rrirrin
G )
Fëdal Fcrœ(Fy) fa  weer stage 11 (VB0.388mrr) Ffedal Force (Fy) for weer stage 12 (VB=0.437mr)
.3 0.4 0.5 0.6 0 .7
Fæcl(mrrira)
♦ 80 rrirrin ■ lOOrrirrin — * — 120  rrirrin
K - 140  rrirrin —■— 160 rrirrin
.3 0.4 0 5 0.6 o :
Fead(rnrira)
> 9 0 rrirrin — • — lOOrrirrin — í r —120  rrirrin
M 140 rrirrin ■ " 160 rrirrin
(k) (1)
Figure 6.33 Radial force for various cutting conditions and wear stages 
for the third experiment (continued on next page)
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Figure 6.33 Radial force for various cutting conditions and wear stages
for the third experiment
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Figure 6.34 Feed force for various cutting conditions and wear stages
for the third experiment (continued on next page)
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Figure 6.34 Feed force for various cutting conditions and wear stages
for the third experiment (continued on next page)
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Figure 6.34 Feed force for various cutting conditions and wear stages
for the third experiment
The magnitudes of those three force components were found to increase as the feed rate 
increased and the cutting speed decreased. However, for the cutting force (Figure 6.32), 
further increase in feed from 0.4 and 0.5 mm/rev reduced the force magnitudes. The 
growth of tool wear was found to increase the force magnitudes. Compared to the AE 
signal monitoring, the cutting forces have more sensitivity towards the change or 
variation in the cutting parameters such as feed, cutting speed and the depth of cut. The 
force monitoring, however, shows less sensitivity to the tool wear progression compared 
to the AE monitoring.
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The frequency spectrums and the time series coefficients of those three force components 
are illustrated in Figure 6.35 and 6.36 respectively below.
Frequency Spectrum of Cutting Force (Fx) Frequency Spectrum of Cutting Force (Fx)
3-D View (c) Top View
Figure 6.35 Frequency spectrums o f  (a) cutting force (b) radial force and (c) feed force
for the third stage experiments
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3rd Order Autoregressive Time Series of Cutting Force (Fx) 
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Figure 6.36 Autoregressive time series coefficient o f  (a) cutting force (b) radial force
(c) feed force o f  third experiment (continued on next page)
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3rd Order Autoregressive Time Series of Feed Force (Fz)
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(c)
Figure 6.36 Autoregressive time series coefficient of (a) cutting force (b) radial force
(c) feed force of third experiment
The frequency spectrum distributions of the three force components generated during 
turning are influenced by the tool wear. When the tool wears progressively, the frequency 
distribution in the higher frequency region increases (Figure 6.35). The Figure 6.36 
indicates that there are distinct patterns for each model coefficient for each force 
component. The patterns of coefficients also change gradually as the tool wears 
progressively.
6.5.3 Neural Network Modelling
The input to the neural network model is consisted of 27 input features and 3 output 
features (Figure 6.38). The output features included of flank wear length (VB), crater 
wear depth (KT) and crater wear area. The network used employed 3 hidden layers, 
consisting of 35 processing elements in each layer and it used the hyperbolic tangent 
(TanH) transfer function.
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Two other networks - Kohonen Self Organising Map and normal Backpropagation with 
standard delta rule were employed for the comparison with the neural network model 
with heuristic EDBD learning rule for the neural network model performance of learning 
ability.
Comparison of recall ability for various Network
— Kohonen SOM 
— » —  Normal Backpropagation Delta Rule 
—  Backpropagation w ith EDBD
Figure 6.37 Comparison of the learning ability of various networks 
for the third stage experiments
The Figure 6.37 above demonstrates the superiority of the heuristic learning algorithm 
over the conventional models. It also indicates that the convergence rate of the heuristic 
learning approach is faster and its average error is smaller.
To verify this model, two testing processes were conducted. For the first testing, 18 
sample data were selected randomly and excluded from the training patterns. This left 
217 sample patterns for training. For the second testing, 30 testing samples, different 
from the first data were selected randomly and separated from the rest of those 205 
training samples. This was done to investigate the consistency and performance of the 
network under two different conditions of random selection testing data.
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Figure 6.38 Neural network model o f  the third stage experiments
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The results of the first network prediction are presented in figure 6.39 and table 6.4, while 
the second results are presented in figure 6.40 and table 6.5
Comparison Between Actual and Predicted Values of Flank Wear
(a)
Comparison Between Actual and Predicted Values of the Depth
•Actual Value of the depth of crater wear 
•Predicted Value of the depth of crater wear
(b)
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Comparison Between Actual and Predicted Values of the Area of
19 23 34 53 66 72 89 120 128 133 153 163 194 210 228 283 303 314
Randomly Selected Observation
■Actual Value of the Area of Crater wear 
■ Predicted Value of the Area of Crater wear
(C)
Figure 6.39 Comparison between actual and model prediction of (a) flank wear (b) 
crater depth and (c) crater wear area of the third experiment, 1st test
Table 6.4 Error between the actual and predicted outputs of the flank wear, crater 
wear area and depth of crater wear of the third stage experiments, 1st test
Obs.
Num.
Actual VB 
(mm)
Actual KT 
(mm)
Act. CwA 
(mm2)
Pred VB 
(mm)
Pred KT 
(mm)
Pred CwA
(mm2)
Abs VB er 
(mm)
Abs KT er 
(mm)
Abs Cw er 
(mm2)
Rel VB er Rel KT er Rel Cw er
19 0.1085 0.0083 1.4991 0.1052 0.0081 1.4854 0.0033 0.0002 0.0137 3.08% 2.20% 0.92%
23 0.1085 0.0083 1.4991 0.0956 0.0065 1.4927 0.0129 0.0018 0.0064 11.88% 21.76% 0.43%
34 0.1400 0.0133 2.1425 0.1612 0.0151 2.2523 0.0212 0.0018 0.1098 15.12% 13.74% 5.13%
53 0.1700 0.0174 2.2748 0.1540 0.0148 2.2120 0.0160 0.0026 0.0628 9.43% 14.68% 2.76%
66 0.1700 0.0174 2.2748 0.1539 0.0146 2.2269 0.0161 0.0028 0.0479 9.49% 16.10% 2.10%
72 0.1700 0.0174 2.2748 0.1961 0.0206 2.3117 0.0261 0.0032 0.0369 15.34% 18.56% 1.62%
89 0.2020 0.0190 2.3557 0.1777 0.0172 2.2972 0.0243 0.0018 0.0585 12.05% 9.25% 2.48%
120 0.2280 0.0252 2.3941 0.2173 0.0247 2.3950 0.0107 0.0005 0.0009 4.71% 2.11% 0.04%
128 0.2615 0.0308 2.4447 0.2628 0.0307 2.4388 0.0013 0.0001 0.0059 0.51% 0.21% 0.24%
133 0.2615 0.0308 2.4447 0.2704 0.0308 2.4487 0.0089 0.0000 0.0040 3.41% 0.10% 0.17%
153 0.2995 0.0338 2.5084 0.3071 0.0356 2.6147 0.0076 0.0018 0.1063 2.53% 5.41% 4.24%
163 0.2995 0.0338 2.5084 0.3053 0.0347 2.5447 0.0058 0.0009 0.0363 1.94% 2.68% 1.45%
194 0.3155 0.0365 2.5698 0.2903 0.0327 2.5130 0.0252 0.0038 0.0568 7.97% 10.29% 2.21%
210 0.3315 0.0455 2.6584 0.3689 0.0540 2.8119 0.0374 0.0085 0.1535 11.29% 18.78% 5.77%
228 0.3435 0.0505 2.7445 0.3463 0.0512 2.7585 0.0028 0.0007 0.0140 0.81% 1.40% 0.51%
283 0.4370 0.0655 2.8901 0.4645 0.0717 2.9238 0.0275 0.0062 0.0337 6.30% 9.39% 1.17%
303 0.4750 0.0777 2.9296 0.4153 0.0680 2.8380 0.0597 0.0097 0.0916 12.57% 12.42% 3.13%
314 0.4750 0.0777 2.9296 0.4496 0.0685 2.9064 0.0254 0.0092 0.0232 5.36% 11.89% 0.79%
avg eror 
max error 
min error
VB KT Cw area
7.43% 9.50% 1.95%
15.34% 21.76% 5.77%
0.51% 0.10% 0.04%
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R a n d o m l y  S e l e c t e d  O b s e r v a ti o n
♦  A c tu a l V a lu e  o f  F l a n k  W e a r  P re d ic te d  V a lu e  o f  F la n k  W e a r
(a)
R a n d o m l y  S e l e c t e d  O b s e r v a tio n  
— ♦— A c tu a l V a lu e  o f th e  d e p th  o f cra te r w e a r  
—» — P re d ic te d  V a lu e  o f  th e  d e p th  o f crate r w e a r
(b)
R a n d o m ly  S e le c te d  O b s e rv a tio n  
♦ Actual V a lu e  o f the A re a  o f C ra te r w e a r 
- » — P re dicted V a lu e  o f the A re a  o f C ra te r w e a r
(c)
Figure 6.40 Comparison between actual and model prediction of (a) flank wear (b) 
crater depth and (c) crater wear area, for the third experiment, 2nd test
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Table 6.5 Error between the actual and predicted output o f flank wear, crater wear 
area and depth of crater wear o f the third experiment, 2nd test
Obs.No Actual
VB
Actual KT Act. CwA PredVB PredKT Pred CwA Abs VB er Abs KT er Abs Cw er Rel VB er Rel KT er Rel Cw er
4 0.1085 0.0083 1.4991 0.1138 0.0086 1.5271 0.0053 0.0003 0.0280 4.85% 3.08% 1.87%
17 0.1085 0.0083 1.4991 0.1185 0.0088 1.6397 0.0100 0.0005 0.1406 9.21% 5.54% 9.38%
28 0.14 0.0133 2.1425 0.1372 0.0113 2.0470 0.0028 0.0020 0.0955 1.97% 14.89% 4.46%
53 0.17 0.0174 2.2748 0.1600 0.0171 2.2547 0.0100 0.0003 0.0201 5.90% 1.80% 0.88%
63 0.17 0.0174 2.2748 0.1785 0.0174 2.3205 0.0085 0.0000 0.0457 5.00% 0.19% 2.01%
72 0.17 0.0174 2.2748 0.1648 0.0162 2.2915 0.0052 0.0012 0.0167 3.08% 6.66% 0.73%
84 0.202 0.019 2.3557 0.1956 0.0181 2.3341 0.0064 0.0009 0.0216 3.18% 4.78% 0.92%
92 0.202 0.019 2.3557 0.1900 0.0175 2.3189 0.0120 0.0015 0.0368 5.96% 7.99% 1.56%
102 0.228 0.0252 2.3941 0.1905 0.0195 2.3460 0.0375 0.0057 0.0481 16.45% 22.67% 2.01%
128 0.2615 0.0308 2.4447 0.2412 0.0292 2.3883 0.0203 0.0016 0.0564 7.76% 5.34% 2.31%
153 0.2995 0.0338 2.5084 0.2892 0.0307 2.4799 0.0103 0.0031 0.0285 3.45% 9.14% 1.14%
158 0.2995 0.0338 2.5084 0.3433 0.0404 2.7096 0.0438 0.0066 0.2012 14.61% 19.56% 8.02%
167 0.2995 0.0338 2.5084 0.2511 0.0265 2.4197 0.0484 0.0073 0.0887 16.16% 21.58% 3.53%
178 0.3155 0.0365 2.5698 0.2908 0.0329 2.5739 0.0247 0.0036 0.0041 7.83% 9.83% 0.16%
187 0.3155 0.0365 2.5698 0.2860 0.0307 2.4739 0.0295 0.0058 0.0959 9.34% 15.93% 3.73%
192 0.3155 0.0365 2.5698 0.3025 0.0397 2.5030 0.0130 0.0032 0.0668 4.11% 8.65% 2.60%
198 0.3155 0.0365 2.5698 0.3249 0.0422 2.6054 0.0094 0.0057 0.0356 2.98% 15.68% 1.38%
204 0.3315 0.0455 2.6584 0.3305 0.0452 2.6659 0.0010 0.0003 0.0075 0.32% 0.55% 0.28%
217 0.3315 0.0455 2.6584 0.3523 0.0508 2.7519 0.0208 0.0053 0.0935 6.26% 11.57% 3.52%
224 0.3315 0.0455 2.6584 0.3144 0.0396 2.6138 0.0171 0.0059 0.0446 5.16% 13.06% 1.68%
233 0.3435 0.0505 2.7445 0.3408 0.0452 2.6462 0.0027 0.0053 0.0983 0.80% 10.51% 3.58%
253 0.389 0.0555 2.8489 0.3583 0.0511 2.7836 0.0307 0.0044 0.0653 7.89% 7.88% 2.29%
259 0.389 0.0555 2.8489 0.4119 0.0642 2.8798 0.0229 0.0087 0.0309 5.90% 15.63% 1.09%
273 0.389 0.0555 2.8489 0.3685 0.0580 2.8378 0.0205 0.0025 0.0111 5.28% 4.48% 0.39%
284 0.437 0.0655 2.8901 0.4391 0.0661 2.9034 0.0021 0.0006 0.0133 0.47% 0.97% 0.46%
293 0.437 0.0655 2.8901 0.3709 0.0505 2.8266 0.0661 0.0150 0.0635 15.12% 22.97% 2.20%
304 0.475 0.0777 2.9296 0.4928 0.0812 2.9500 0.0178 0.0035 0.0204 3.75% 4.56% 0.70%
313 0.475 0.0777 2.9296 0.4348 0.0716 2.8872 0.0402 0.0061 0.0424 8.47% 7.85% 1.45%
323 0.475 0.0777 2.9296 0.4709 0.0767 2.9506 0.0041 0.0010 0.0210 0.87% 1.28% 0.72%
avg eror 
max error 
min error
VB KT Cw area
6.28% 9.47% 2.24%
16.45% 22.97% 9.38%
0.32% 0.19% 0.16%
Figure 6.40 as well as Table 6.5 both indicate that the model has good prediction 
accuracy. The average error o f the flank wear, crater depth and crater area for the first test 
set were found to be 7.43%, 9.50% and 1.95% respectively, while for the second test set 
the values of these factors were 6.28%, 9.47% and 2.24% respectively. From this 
comparison, it can be seen that varying the size of both training and testing data as well 
as the random selection of these data does not have a significant influence on model 
accuracy. Hence this network model has good consistency.
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7.1 CONCLUSIONS
Extensive literature survey of various tool condition monitoring methods, which 
employed different sensors and monitoring techniques have been conducted by the 
author. Using input from these studies, an integrated technique for an intelligent 
monitoring system for tool wear prediction and surface roughness estimation in oblique 
turning operations was developed in this research. This intelligent monitoring system is 
based on the sensor fusion strategy, which employed the RMS value of acoustic emission 
(AE) and cutting forces generated in the oblique turning operations. Signal processing 
techniques based on Fast Fourier Transform (FFT) and Autoregressive (AR) time series 
algorithms were developed to extract additional information or features from these sensor 
signals.
The input features obtained from the signal processing, however, may exhibit complex 
patterns and correlations. Moreover, the features may have two or more similar properties 
which could lead to an ambiguous decision. In this research the influence of various 
cutting parameters on the acoustic emission and cutting forces were investigated. The 
inter relationship between AE, forces to the flank wear, crater wear and surface 
roughness was also examined. In various stages, features such as frequency spectrum, 
coefficient of time series model were derived by using FFT, time series and statistical 
analysis. These features along with cutting parameters such as feed, speed and depth of
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cut were employed for testing the prediction accuracy of three different neural network 
models. The neural network models with heuristic EDBD learning rule were found to be 
the most accurate and then used for the prediction of flank wear, crater wear and surface 
roughness.
The conclusions that can be drawn from this research are as follows:
1. The AErms signal was found to have greater sensitivity towards the tool wear 
compared to the cutting forces. However, compared to AErms, cutting forces were 
found to be more sensitive to the change in cutting parameters such as feed and depth 
of cut. The measured AErms voltage was found to increase with the increase in tool 
flank wear and cutting speed. Feed rate and depth of cut showed a negligible 
influence on the AErmS signal. AErms, however, under some circumstance did not vary 
significantly as the growth of crater wear occurred and decreases as the depth of 
crater wear increases, for example is the decrease of AErms signal from 9th stage 
(Figure 6.3 l(i)) to 10th stage of wear (Figure (6.3 l(j)). This is due to the reason that 
increased effective rake angle caused by the crater wear reduces AE intensity.
2. In order to derive the additional features from the cutting forces, signal processing 
techniques including spectrum density analysis (FFT) and time series were employed 
to extract additional information from the signal. The signal processing in both 
frequency and time domain by FFT and AR time series respectively provides 
additional useful information regarding to the cutting condition. The frequency 
representation of the forces signal during cutting, reveals an increase in higher 
frequency distribution for a higher value of tool wear, while the pattern of the 
coefficient o f AR time series changes gradually as the wear progresses.
3. It was found from the spectrum density analysis that the frequency spectrum of the 
cutting tool vibration is located in the range of 0-1000 Hz for this particular machine 
setup. A digital bandpass filter with this frequency range was then applied to collect
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the forces signals. However, for a different machine setup, the result o f this frequency 
response may be different, due to the different dynamic characteristics and setup 
rigidity. Despite the good relation of AErms signal to the cutting conditions, the 
spectrum analysis o f AErms contains little or no information concerning the cutting 
process conditions. Hence the spectrum of AErms feature was not used for the input 
parameter o f the neural network models.
4. Surface roughness is strongly influenced by the feed rate, tool nose radius and depth 
of cut at the beginning of the cut where the tool is sharp. As the cutting progressed 
and tool wear developed, the rubbing and tearing caused due to flank wear in the tool- 
workpiece interface became more prominent. This resulted in deterioration of the 
workpiece surface and consequently increased the surface roughness. The abrasion 
between the tool and workpiece results in flank wear, which influences the workpiece 
surface roughness. The abrasion between the tool and workpiece also generates 
acoustic emission and hence AE can also be employed to monitor the value of 
workpiece surface roughness.
5. Unsupervised Kohonen Self Organising Map (KSOM), normal backpropagation with 
the standard delta rule and a backpropagation network with a heuristic learning rule 
based on Extended Delta Bar Delta (EDBD) were constructed. The recall ability of 
both the supervised and unsupervised network models with their various learning 
rules were then compared based on their average error at various iteration numbers. 
These compared test results indicate that the Backpropagation model with the 
heuristic approach was found to have the best learning rate and convergence 
compared to the other models.
6. The Backpropagation models with heuristic EDBD learning rule model were then 
tested against a randomly selected sets of data from a wide range of observations 
collected from the turning operations. The error obtained from the estimations of the 
flank wear, crater wear and surface roughness by this neural network model were
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found to be less than 10%. The neural network model was also tested against two 
different sets o f randomly selected data with different sample size to check and verify 
the model consistency. The results indicate that varying the size o f both training and 
testing data as well as the random selection of these data does not have a significant 
influence on model accuracy. Hence this network model has good consistency
7. Unlike a conventional mathematical model where physical knowledge of the system 
has to be understood, the neural network modeling provides an accurate and 
consistent model for the tool wear prediction with a good accuracy. In a conventional 
model, some phenomena from the system may be difficult to quantify and some 
assumptions have to be made to simplify the model. On the other hand, an empirical 
model which is generally based on regression analysis may fail under erratic changes 
or very complex patterns of input parameters. The neural network model, however, 
does not require a physical knowledge of the system. Due to parallel computing 
ability and pattern recognition feature, a neural network can recognise a very complex 
pattern and make an accurate decision corresponding to the input.
7.2 SUGGESTIONS FOR FUTURE WORK
1. More variation in cutting conditions, including different tool geometry, tool coatings 
and different workpiece materials could be incorporated to expand the model as the 
additional parameters, which give the model a wider range of application and 
flexibility.
2. More recent signal processing methods, such as wavelet transformation, can be 
investigated as additional techniques to extract useful features from the signal of the 
cutting process. This can be done by using simulated mathematical software such as 
MATLAB or MATHEMATICA. The coefficient of the wavelet transformation
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produces a distinct pattern for a specific cutting condition which can be related to the 
tool wear and cutting parameters [32].
3. The use of various paradigm neural networks such as Genetic Reinforcement 
Learning (GRL) [204] can be used when the gradient information is not available to 
backpropagate for each feedforward pass. The GRL learning also uses a crossover 
operation which prevents the network from getting stuck in local minima. Other 
paradigms include the QuickProp algorithm [205], which solves the problem by 
dynamic adjustments of the learning rate based on the heuristic steps in computation 
and explicit use of the second derivative of error with respect to each weight.
4. An integrated computer system may be used to form a closed loop feedback adaptive 
control. This can be done by introducing adaptive parameter constraints or algorithm. 
These constraints can be derived by a neural network model based on the relation 
between the cutting parameters and machining process condition, such the 
magnitudes of cutting forces for tool breakage detection. By linking the computer to 
the machine controller via direct numerical control (DNC), corrective actions can be 
automatically performed by altering the cutting parameters or stopping the cutting 
operation.
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APPENDIX A
Heuristic Approach Learning Example
Let consider a simple case where the constant k = cp = 0.1 and the ao has an initial value 
of 2. Suppose that the gradient components o f the weight changes.
First consider that the gradient components o f the weight changes for a connection are 
having the same sign for five consecutive steps. Therefore the increment constant is 
applied to the learning rate. At the end of these iterations, the connection learning rate 
will have been incremented five times as can be shown below:
Appendix
oci = ao + 0.1 
ot2 = a i  +  0.1 
0C3 = 0C2 + 0.1 
0C4 =  0C3 + 0.1
0C5 = 0C4 + 0.1 = ao + 0.5 = 2.5
Learning Rate Increase
Linear increase of the learning rate for five consecutive steps 
with the gradient components having the same sign
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In contrast, suppose that the gradient components of the weight changes for a connection 
alternate sign for five consecutive steps. Then the learning rate is adjusted as follows:
oti = a 0 - O.lao = a0 (1 - 0.1)
a2 = aj - O.lai = a* (1 - 0.1)
a3 = a2 - 0.1a2 = a2 (1 - 0.1)
OC4 = (X3 - O.I0C3 = CC3 (1 - 0 .1)
a 5 = a 4 - O.I0C4 = a 4 (1 -0 .1 )=  a 0(l - 0 .1 ) 5 = 1.181
Learning Rate Decrease
Geometrical decrease of the learning rate for five consecutive steps 
with the gradient components having the alternating signs
The linear incremental procedure in the first case was done to prevent the learning rates 
from becoming too large too fast, while in the second condition decrementing 
geometrically ensure that the connection learning rates are always positive. Furthermore 
they can be reduced more rapidly in regions of high curvature
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APPENDIX B
The Crater Wear Surface Profile of Third Experiment
Appendix
As was described in chapter six the wear levels are divided into 13 stages. Long and 
continuous cuts were conducted at each interval between wear stage, in order to develop 
the wear on the cutting tool. For each wear stage 25 short cuts with different cutting 
parameters were conducted to investigate the effects of the cutting parameters and tool 
wear to the AErms intensity and force. The tool wear measurements for each wear stage 
are conducted twice, before and after those 25 short cuts. The average value of these two 
values is then used to represents the wear at the stage.
H o rizo n ta l
M a g n ific a tio n :
1 div = 50pm 
V e rtic a l 
M a g n ific a tio n : 
1 div = 1 pm
Beginning End
1st Stage
H o r izo n ta l
M a g n ific a tio n :
1 div = 50pm 
V e rtic a l 
M a g n ific a tio n : 
1 d iv= 1pm
2nd Stage
Beginning End
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H o r izo n ta l 
M a g n ific a tio n : 
1 div = 50|am 
V e rtic a l 
M a g n ific a tio n : 
1 div = 1 jam
H o rizo n ta l 
M a g n ific a tio n : 
1 div = 50|im 
V e rtic a l 
M a g n ific a tio n : 
1 div = 1 (j.m
H o r izo n ta l 
M a g n ific a tio n : 
1 div = 50|im 
V e rtic a l 
M a g n ific a tio n : 
1 div = l(j.m
3 rd Stage
Beginning End
Beginning End
5th Stage
Beginning End
4,h Stage
219
Appendix
H o r izo n ta l 
M a g n ific a tio n : 
1 div = 50jam 
V e rtic a l 
M a g n ific a tio n : 
1 div = 1 (am
H o rizo n ta l 
M a g n ific a tio n : 
1 div = 50(tm 
V e rtic a l 
M a g n ific a tio n : 
1 div = l|am
H o r iz o n ta l 
M a g n ific a tio n : 
1 div = 50|am 
V e rtic a l 
M a g n ific a tio n : 
1 div = 1 |im
Beginning End
6th Stage
End
7th Stage
Beginning End
8th Stage
Beginning
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H o r iz o n ta l 
M a g n ific a tio n : 
1 div = 50|j.m 
V e rtic a l 
M a g n ific a tio n : 
1 div = ljam
9th Stage
H o rizo n ta l 
M a g n ific a tio n : 
1 div = 50|im 
V e rtic a l 
M a g n ific a tio n : 
1 div = 2(im
H o rizo n ta l 
M a g n ific a tio n : 
1 div = 50|im 
V e rtic a l 
M a g n ific a tio n : 
1 div = 2jim
Beginning End
Beginning End
10th Stage
End
11th Stage
Beginning
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APPENDIX C
Input Data Features to Neural Network for the First Experiment
No Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL  Fx SpecL  Fy SpecL  Fz SpecM  Fx SpecM  Fy SpecM  Fz SpecH  Fx SpecH  Fy SpecH  Fz No 1st AR  Fx
1 0.2 80 1.905 1.292 0.336 0.519 0.041 0.017 0.0085 0.0081 0.0036 0.0045 0.0006 0.0003 0.0006 0.0002 0.0001 0.0001 1 - 1.2124
2 0.2 100 2.117 1.184 0.310 0.503 0.091 0.028 0.0109 0.0221 0.0050 0.0037 0.0013 0.0004 0.0003 0.0002 0.0001 0.0001 2 - 1.3723
3 0.2 120 2.299 1.106 0.289 0.486 0.041 0.020 0.0085 0.0061 0.0024 0.0034 0.0005 0.0004 0.0003 0.0002 0.0001 0.0000 3 - 0.7582
4 0.2 140 2.419 1.078 0.284 0.477 0.024 0.018 0.0084 0.0016 0.0005 0.0009 0.0002 0.0002 0.0002 0.0001 0.0001 0.0000 4 - 0.6310
5 0.2 160 2.577 1.004 0.269 0.474 0.040 0.027 0.0110 0.0058 0.0017 0.0015 0.0006 0.0004 0.0002 0.0003 0.0001 0.0000 5 - 0.6542
6 0.3 80 2.055 1.634 0.450 0.735 0.030 0.018 0.0102 0.0026 0.0009 0.0015 0.0004 0.0003 0.0003 0.0002 0.0001 0.0000 6 - 0.6015
7 0.3 100 2.384 1.487 0.416 0.710 0.033 0.022 0.0093 0.0063 0.0014 0.0010 0.0008 0.0005 0.0003 0.0001 0.0001 0.0001 7 - 0.6422
8 0.3 120 2.444 1.254 0.342 0.654 0.121 0.042 0.0242 0.0679 0.0026 0.0021 0.0058 0.0007 0.0003 0.0028 0.0001 0.0001 8 - 0.8393
9 0.3 140 2.622 1.227 0.339 0.646 0.105 0.043 0.0237 0.0683 0.0058 0.0054 0.0049 0.0011 0.0009 0.0026 0.0002 0.0001 9 - 0.8131
10 0.3 160 2.687 1.151 0.324 0.640 0.106 0.053 0.0204 0.0439 0.0079 0.0042 0.0031 0.0022 0.0013 0.0026 0.0002 0.0002 10 - 0.7044
11 0.4 80 2.189 1.555 0.444 0.857 0.100 0.038 0.0200 0.0515 0.0040 0.0046 0.0058 0.0004 0.0007 0.0018 0.0002 0.0001 11 - 0.7983
12 0.4 100 2.356 1.412 0.408 0.829 0.136 0.046 0.0210 0.1278 0.0104 0.0142 0.0095 0.0007 0.0015 0.0024 0.0003 0.0002 12 - 0.8068
13 0.4 120 2.417 1.210 0.352 0.787 0.113 0.042 0.0196 0.0955 0.0075 0.0091 0.0069 0.0007 0.0006 0.0023 0.0002 0.0001 13 - 0.9634
14 0.4 140 2.597 1.149 0.339 0.779 0.126 0.051 0.0231 0.1081 0.0100 0.0095 0.0103 0.0016 0.0007 0.0030 0.0003 0.0001 14 - 1.0638
15 0.4 160 2.644 1.092 0.329 0.769 0.123 0.056 0.0224 0.0862 0.0156 0.0150 0.0084 0.0024 0.0018 0.0013 0.0004 0.0003 15 - 1.0431
16 0.5 80 2.097 1.660 0.490 0.990 0.168 0.062 0.0310 0.2195 0.0107 0.0090 0.0189 0.0012 0.0030 0.0052 0.0002 0.0004 16 - 0.7392
17 0.5 100 2.290 1.399 0.428 0.966 0.131 0.052 0.0281 0.1200 0.0146 0.0052 0.0120 0.0012 0.0009 0.0050 0.0002 0.0002 17 - 0.5612
18 0.5 120 2.495 1.270 0.400 0.943 0.147 0.059 0.0294 0.1823 0.0147 0.0096 0.0220 0.0012 0.0013 0.0082 0.0004 0.0002 18 - 0.9702
19 0.5 140 2.687 1.413 0.484 1.103 0.162 0.077 0.0295 0.1271 0.0054 0.0060 0.0149 0.0008 0.0007 0.0037 0.0002 0.0001 19 - 0.7721
20 0.5 160 2.722 1.178 0.409 1.044 0.132 0.067 0.0339 0.1018 0.0344 0.0149 0.0142 0.0026 0.0019 0.0082 0.0007 0.0004 20 - 1.0539
21 0.6 80 2.105 1.489 0.522 1.246 0.125 0.066 0.0270 0.0842 0.0147 0.0056 0.0154 0.0024 0.0015 0.0024 0.0010 0.0003 21 - 0.5207
22 0.6 100 2.158 1.604 0.560 1.291 0.193 0.076 0.0390 0.3330 0.0267 0.0180 0.0378 0.0023 0.0022 0.0124 0.0005 0.0003 22 - 0.6008
23 0.6 120 2.429 1.457 0.528 1.261 0.162 0.070 0.0299 0.2832 0.0337 0.0174 0.0332 0.0049 0.0020 0.0083 0.0014 0.0004 23 - 1.1159
24 0.6 140 2.586 1.353 0.502 1.240 0.145 0.072 0.0356 0.0910 0.0180 0.0106 0.0192 0.0047 0.0019 0.0076 0.0012 0.0004 24 - 1.1552
25 0.6 160 2.595 1.175 0.461 1.127 0.103 0.067 0.0307 0.0639 0.0072 0.0099 0.0111 0.0010 0.0032 0.0043 0.0003 0.0004 25 - 0.8706
26 0.7 80 1.992 1.640 0.645 1.353 0.223 0.112 0.0488 0.4073 0.0174 0.0239 0.0587 0.0025 0.0028 0.0155 0.0010 0.0005 26 - 1.3026
27 0.7 100 2.243 1.410 0.575 1.304 0.172 0.089 0.0362 0.1871 0.0247 0.0334 0.0258 0.0020 0.0027 0.0040 0.0008 0.0007 27 - 0.5154
28 0.7 120 2.466 1.264 0.530 1.283 0.078 0.057 0.0275 0.0375 0.0033 0.0074 0.0120 0.0007 0.0013 0.0041 0.0004 0.0003 28 - 0.7312
29 0.7 140 2.587 1.212 0.519 1.278 0.074 0.054 0.0244 0.0223 0.0051 0.0048 0.0106 0.0022 0.0012 0.0035 0.0006 0.0003 29 - 0.7357
30 0.7 160 2.638 1.161 0.501 1.258 0.079 0.063 0.0304 0.0291 0.0058 0.0044 0.0083 0.0016 0.0008 0.0051 0.0007 0.0002 30 - 0.7338
31 0.2 80 2.330 1.294 0.366 0.516 0.023 0.016 0.0072 0.0012 0.0004 0.0020 0.0004 0.0001 0.0003 0.0001 0.0000 0.0001 31 - 0.7220
32 0.2 100 2.355 1.139 0.319 0.487 0.014 0.013 0.0080 0.0003 0.0002 0.0003 0.0001 0.0001 0.0001 0.0001 0.0001 0.0000 32 - 0.4633
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No 1st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
CW  A 
mm'
1 0.3866 -0.1741 -0.3938 -0.4808 -0.1242 -0.4916 -0.2131 -0.2952 0.0002 0.262
2 0.5294 -0.1564 -0.6202 -0.3146 -0.0628 -0.6341 -0.1561 -0.2097 0.0011 0.479
3 0.0621 -0.3034 -0.1282 -0.6076 -0.2628 -0.2737 -0.2942 -0.4321 0.0025 0.661
4 -0.1850 -0.1838 -0.0640 -0.6267 -0.3086 -0.3169 -0.3694 -0.3136 0.0045 0.811
5 -0.1275 -0.2182 0.1536 -0.6672 -0.4854 -0.1551 -0.4838 -0.3611 0.0069 0.935
6 0.1144 -0.5130 -0.2574 -0.4190 -0.3234 -0.4296 -0.0154 -0.5550 0.0097 1.037
7 0.0380 -0.3956 -0.1565 -0.4987 -0.3437 -0.4171 -0.1929 -0.3901 0.0127 1.121
8 0.0928 -0.2528 -0.1747 -0.5589 -0.2642 -0.4521 -0.1838 -0.3638 0.0159 1.189
9 0.1458 -0.3324 -0.1600 -0.4498 -0.3870 -0.4017 -0.1689 -0.4294 0.0192 1.245
10 -0.1341 -0.1611 -0.0222 -0.4982 -0.4748 -0.3219 -0.3225 -0.3554 0.0226 1.292
11 0.2801 -0.4813 -0.5002 -0.1224 -0.3755 -0.5848 0.2786 -0.6936 0.0261 1.331
12 0.0767 -0.2698 -0.3120 -0.2995 -0.3868 -0.5062 -0.0218 -0.4720 0.0296 1.364
13 0.1206 -0.1565 -0.0637 -0.6460 -0.2877 -0.3659 -0.2773 -0.3566 0.0332 1.393
14 0.2380 -0.1728 -0.1286 -0.5793 -0.2876 -0.4465 -0.3271 -0.2261 0.0366 1.420
15 0.0611 -0.0162 -0.1482 -0.6552 -0.1894 -0.4280 -0.4067 -0.1650 0.0400 1.446
16 0.3483 -0.6086 -0.5908 0.1705 -0.5769 -0.6031 0.4608 -0.8577 0.0434 1.471
17 0.0688 -0.5070 -0.3191 -0.1318 -0.5468 -0.4795 0.2443 -0.7649 0.0467 1.496
18 0.0393 -0.0681 -0.1007 -0.6623 -0.2341 -0.4694 -0.3037 -0.2269 0.0498 1.523
19 -0.1224 -0.1048 0.1957 -0.7323 -0.4609 -0.1396 -0.5496 -0.3107 0.0529 1.551
20 0.0343 0.0217 -0.1477 -0.6296 -0.2178 -0.5196 -0.3206 -0.1596 0.0558 1.581
21 0.0064 -0.4859 -0.1661 -0.1355 -0.6973 -0.4639 0.1500 -0.6862 0.0586 1.614
22 0.0631 -0.4620 -0.2358 -0.1850 -0.5783 -0.4259 0.1176 -0.6918 0.0613 1.648
23 0.0979 0.0192 -0.2442 -0.7310 -0.0230 -0.5880 -0.3901 -0.0219 0.0639 1.685
24 0.1882 -0.0321 -0.1818 -0.6803 -0.1353 -0.4330 -0.4116 -0.1553 0.0664 1.725
25 -0.1272 -0.0009 -0.0051 -0.6408 -0.3502 -0.3754 -0.3535 -0.2710 0.0688 1.766
26 0.7491 -0.4453 -0.6717 0.0439 -0.3644 -0.9882 0.5618 -0.5733 0.0710 1.811
27 0.0925 -0.5752 -0.0887 -0.1755 -0.7318 -0.3246 0.0989 -0.7740 0.0732 1.857
28 -0.1988 -0.0695 0.0485 -0.7396 -0.3077 -0.4128 -0.3415 -0.2457 0.0752 1.905
29 -0.1925 -0.0711 -0.1537 -0.6882 -0.1560 -0.5126 -0.2954 -0.1919 0.0771 1.955
30 -0.1341 -0.1309 0.0396 -0.5545 -0.4820 -0.3578 -0.3012 -0.3409 0.0790 2.007
31 0.1091 -0.3871 -0.1416 -0.4904 -0.3673 -0.3508 -0.2694 -0.3798 0.0807 2.059
32 -0.1231 -0.4135 -0.0209 -0.5691 -0.4095 -0.3141 -0.3043 -0.3816 0.0824 2.113
|— ||| Reserved data for testing
SpecL Spectrum density in lower
frequency - >  0-300Hz
SpecM Spectrum density in middle
frequency ~> 300-600HZ
SpecH Spectrum density in high
frequency ~> 600-1000Hz
nmAR the ntn AR coefficient
CW  A Crater Wear Area
FW Flank Wear VB
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No Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH Fz No 1 st AR Fx
33 0.2 120 2.524 1.008 0.292 0.467 0.040 0.017 0.0072 0.0251 0.0004 0.0005 0.0015 0.0002 0.0001 0.0001 0.0000 0.0000 33 -0.5110
Wrnm¡¡¡n lip! 2.643 Q,B80 0285 0,454 0,026 0,016 0,0085 00016 00004 00004 ooooa 0,0001 0,0001 00001 I OOOOÍ QQD0Ö lll$4 : ‘ -0,5746
35 0.2 160 2.694 0.891 0.263 0.435 0.026 0.027 0.0101 0.0017 0.0010 0.0011 0.0003 0.0003 0.0002 0.0001 0.0001 0.0001 35 -0.6177
36 0.3 80 2.286 1.668 0.493 0.724 0.193 0.058 0.0207 0.2183 0.0191 0.0193 0.0186 0.0008 0.0018 0.0016 0.0002 0.0003 36 -1.0058
37 0.3 100 2.546 1.608 0.473 0.678 0.051 0.028 0.0240 0.0089 0.0039 0.0060 0.0017 0.0005 0.0007 0.0059 0.0001 0.0001 37 -0.7623
381 0.3 120 2.572 1.146 0.348 0.619 0.128 0.044 0.0202 0.0752 0.0163 0.0167 0.0063 0.0011 0.0025 0.0020 0.0001 0.0003 38 -1.2123
39 0.3 140 2.706 1.268 0.393 0.636 0.126 0.047 0.0235 0.0707 0.0059 0.0106 0.0059 0.0012 0.0009 0.0024 0.0004 0.0001 39 -0.8982
40 0.3 160 2.759 1.137 0.362 0.616 0.100 0.043 0.0244 0.0206 0.0043 0.0137 0.0025 0.0010 0.0012 0.0015 0.0002 0.0002 40 -1.0409
41 0.4 80 2.138 1.651 0.515 0.840 0.081 0.035 0.0159 0.0474 0.0033 0.0033 0.0047 0.0003 0.0002 0.0005 0.0001 0.0001 41 -0.6101
42 0.4 100 2.602 1.598 0.523 0.843 0.036 0.038 0.0153 0.0013 0.0011 0.0013 0.0005 0.0005 0.0004 0.0007 0.0003 0.0001 42 -0.3777
43 0.4 120 2.685 1.440 0.473 0.817 0.169 0.061 0.0312 0.0876 0.0129 0.0166 0.0100 0.0010 0.0014 0.0030 0.0003 0.0002 43 -1.0446
44 0.4 140 2.715 1.165 0.389 0.764 0.191 0.067 0.0347 0.2519 0.0524 0.0293 0.0235 0.0042 0.0030 0.0087 0.0008 0.0005 44 -1.2342
45 0.4 160 2.764 1.136 0.388 0.765 0.205 0.077 0.0369 0.2992 0.0564 0.0839 0.0267 0.0073 0.0062 0.0092 0.0009 0.0010 45 -1.3005
46 0.5 80 2.192 1.625 0.547 0.996 0.091 0.049 0.0230 0.0813 0.0056 0.0073 0.0125 0.0007 0.0006 0.0025 0.0002 0.0001 46 -1.1261
47 0.5 100 2.426 1.502 0.505 0.969 0.071 0.035 0.0142 0.0424 0.0035 0.0019 0.0056 0.0007 0.0004 0.0009 0.0003 0.0001 47 -0.9274
48 0.5 120 2.596 1.396 0.482 0.957 0.087 0.047 0.0177 0.0405 0.0094 0.0048 0.0052 0.0010 0.0011 0.0016 0.0003 0.0002 48 -0.7566
49 0.5 140 2.708 1.324 0.464 0.968 0.097 0.052 0.0209 0.0515 0.0146 0.0143 0.0067 0.0012 0.0017 0.0018 0.0004 0.0004 49 -0.8908
50 0.5 160 2.741 1.244 0.445 0.953 0.132 0.064 0.0279 0.1125 0.0229 0.0153 0.0104 0.0021 0.0019 0.0045 0.0005 0.0002 50 -0.9785
51 0.6 80 1.948 1.522 0.549 1.116 0.092 0.056 0.0197 0.0559 0.0064 0.0037 0.0087 0.0007 0.0004 0.0009 0.0001 0.0001 51 -1.2409
mi? 0,0073 0,0005 0,0003 0,13016 5,0062 6,0001 ii:i$t j. " -0,4650
53 0.6 120 2.438 1.295 0.486 1.083 0.068 0.044 0.0148 0.0335 0.0047 0.0025 0.0064 0.0010 0.0006 0.0010 0.0002 0.0002 53 -0.6968
54 0.6 140 2.521 1.230 0.471 1.074 0.067 0.044 0.0170 0.0310 0.0049 0.0049 0.0058 0.0009 0.0009 0.0017 0.0002 0.0001 54 -0.9685
55 0.6 160 2.534 1.177 0.453 1.067 0.067 0.050 0.0171 0.0256 0.0064 0.0042 0.0039 0.0009 0.0005 0.0013 0.0002 0.0001 55 -0.8311
56 0.7 80 2.085 1.490 0.461 0.730 0.439 0.162 0.2777 0.5048 0.0035 0.0020 0.0282 0.0002 0.0004 0.0103 0.0002 0.0000 56 -1.0659
57 0.7 100 2.372 1.377 0.547 1.254 0.094 0.083 0.0334 0.0559 0.0142 0.0061 0.0099 0.0019 0.0010 0.0018 0.0004 0.0001 57 -0.5484
58 0.7 120 2.474 1.276 0.517 1.238 0.076 0.062 0.0235 0.0338 0.0088 0.0036 0.0095 0.0019 0.0014 0.0027 0.0005 0.0003 58 -0.7977
59 0.7 140 2.527 1.220 0.499 1.232 0.084 0.055 0.0232 0.0249 0.0174 0.0064 0.0087 0.0029 0.0011 0.0023 0.0007 0.0002 59 -0.8189
60 0.7 160 2.571 1.168 0.489 1.226 0.078 0.061 0.0276 0.0275 0.0144 0.0068 0.0073 0.0030 0.0020 0.0034 0.0007 0.0005 60 -0.6613
61 0.2 80 2.100 1.130 0.313 0.492 0.057 0.021 0.0105 0.0182 0.0016 0.0010 0.0010 0.0004 0.0001 0.0007 0.0000 0.0000 61 -0.6207
62 0.2 100 2.392 1.085 0.305 0.473 0.046 0.019 0.0097 0.0139 0.0021 0.0019 0.0019 0.0005 0.0002 0.0006 0.0001 0.0000 62 -0.7817
63 0.2 120 2.588 0.991 0.283 0.462 0.055 0.026 0.0103 0.0089 0.0041 0.0022 0.0014 0.0005 0.0002 0.0003 0.0001 0.0001 63 -0.8836
64 0.2 140 2.646 0.928 0.268 0.451 0.044 0.024 0.0089 0.0095 0.0017 0.0031 0.0007 0.0003 0.0003 0.0003 0.0001 0.0001 64 -0.9366
65 0.2 160 2.685 0.873 0.254 0.439 0.039 0.027 0.0109 0.0027 0.0015 0.0015 0.0003 0.0002 0.0002 0.0005 0.0001 0.0001 65 -0.7669
66 0.3 80 2.213 1.413 0.406 0.664 0.109 0.034 0.0152 0.1323 0.0027 0.0063 0.0079 0.0003 0.0008 0.0016 0.0001 0.0001 66 -0.7766
¡ i» iip mm i *413III« ilmm 0,634wmm in  m Ü B liliiil Èmmm m m m 00005 0,0007 0,13012immm 0,0001 111$ II
68 0.3 120 2.528 1.057 0.320 0.606 0.068 0.029 0.0125 0.0310 0.0052 0.0054 0.0024 0.0008 0.0007 0.0009 0.0001 0.0001 68 -1.0743
69 0.3 140 2.652 1.056 0.323 0.608 0.154 0.055 0.0242 0.1374 0.0396 0.0860 0.0113 0.0024 0.0066 0.0035 0.0006 0.0008 69 -1.2666
70 0.3 160 2.650 0.901 0.284 0.580 0.099 0.048 0.0192 0.0674 0.0158 0.0066 0.0067 0.0018 0.0013 0.0024 0.0003 0.0002 70 -0.7321
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No 1st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
CW  A 
mm‘
33 -0.1594 -0.3297 0.0291 -0.6126 -0.4158 -0.2934 -0.3795 -0.3270 0.0840 2.168
m i l I l l l l t l § IÜ 2 Í? 3 ■ H ■ ■ l i l l i * H I Ü Ü -0,3980 i ü ü 2,223
35 -0.1796 -0.2024 0.1816 -0.6788 -0.5014 -0.2322 -0.4770 -0.2906 0.0870 2.279
36 0.2680 -0.2616 -0.5324 -0.0880 -0.3780 -0.5535 0.2363 -0.6827 0.0884 2.334
37 0.0923 -0.3296 -0.2697 -0.3736 -0.3558 -0.4551 -0.1562 -0.3887 0.0897 2.390
38 0.3897 -0.1760 -0.5061 -0.3878 -0.1024 -0.5434 -0.1343 -0.3223 0.0910 2.444
39 0.0738 -0.1753 -0.2348 -0.5482 -0.2150 -0.4306 -0.3286 -0.2409 0.0923 2.499
40 0.1465 -0.1043 -0.2542 -0.4852 -0.2573 -0.4871 -0.2770 -0.2357 0.0935 2.552
41 0.1635 -0.5528 -0.2264 -0.2988 -0.4734 -0.4779 0.2671 -0.7891 0.0947 2.604
42 -0.2130 -0.4093 0.1853 -0.6532 -0.5315 -0.2512 -0.4499 -0.2990 0.0959 2.655
43 0.1430 -0.0976 -0.2796 -0.6411 -0.0767 -0.5730 -0.2990 -0.1278 0.0970 2.705
44 0.3249 -0.0874 -0.6043 -0.2962 -0.0919 -0.7654 0.0116 -0.2459 0.0982 2.753
45 0.3791 -0.0748 -0.3627 -0.5815 -0.0467 -0.6173 -0.2943 -0.0882 0.0993 2.800
46 0.5388 -0.4124 -0.5003 0.0125 -0.5101 -0.6426 0.4384 -0.7957 0.1004 2.845
47 0.0427 -0.1152 -0.0695 -0.5009 -0.4293 -0.4781 -0.2176 -0.3044 0.1015 2.888
48 -0.0863 -0.1567 -0.1144 -0.7780 -0.1057 -0.2958 -0.5193 -0.1849 0.1026 2.929
49 0.0907 -0.1990 -0.1125 -0.5887 -0.2953 -0.3820 -0.2972 -0.3205 0.1037 2.968
50 0.1035 -0.1234 -0.1837 -0.5742 -0.2390 -0.4647 -0.1831 -0.3524 0.1048 3.005
51 0.8216 -0.5803 -0.6528 0.1571 -0.5010 -0.7971 0.4399 -0.6427 0.1059 3.040
wmmH *&56t& -0.1434 -0.0589 '-0,8255 -9,4306 *0,8161 ■ H 3073
53 -0.5058 0.2031 0.0838 -0.7894 -0.2930 -0.3579 -0.5246 -0.1173 0.1081 3.104
54 -0.0802 0.0492 -0.0091 -0.7649 -0.2248 -0.2973 -0.5967 -0.1059 0.1092 3.132
55 -0.0994 -0.0689 0.0891 -0.6447 -0.4423 -0.2328 -0.4230 -0.3442 0.1103 3.159
56 0.2793 -0.2147 -0.4517 -0.4642 -0.0862 -0.8093 0.0754 -0.2691 0.1115 3.184
57 0.1394 -0.5909 -0.1280 -0.0745 -0.7953 -0.3425 0.2209 -0.8784 0.1126 3.207
58 -0.1511 -0.0504 0.1382 -0.6839 -0.4522 -0.4070 -0.3627 -0.2303 0.1137 3.228
59 -0.1622 -0.0180 -0.0859 -0.7496 -0.1624 -0.3633 -0.3258 -0.3108 0.1149 3.248
60 -0.2250 -0.1129 -0.0313 -0.5862 -0.3791 -0.3465 -0.3196 -0.3337 0.1160 3.265
61 0.0896 -0.4689 -0.2781 -0.4033 -0.3177 -0.3492 -0.0905 -0.5603 0.1172 3.281
62 0.0351 -0.2531 -0.2576 -0.4979 -0.2436 -0.4339 -0.1015 -0.4644 0.1184 3.296
63 0.0615 -0.1771 -0.2605 -0.5084 -0.2286 -0.4820 -0.2067 -0.3110 0.1196 3.309
6A 0.0967 -0.1598 -0.1064 -0.5517 -0.3401 -0.3192 -0.3761 -0.3045 0.1207 3.320
65 -0.1087 -0.1241 0.0583 -0.6111 -0.4451 -0.2390 -0.4593 -0.3015 0.1219 3.331
66 0.2500 -0.4729 -0.5389 -0.1674 -0.2923 -0.6634 0.2912 -0.6276 0.1231 3.340
1 1 » * i i imm» mtótmmm ...MMg ; mm mmmmH i m m i i i i Ü 8,348
66 0.2712 -0.1962 -0.2042 -0.5547 -0.2393 -0.4501 -0.2759 -0.2739 0.1255 3.355
69 0.4099 -0.1399 -0.4025 -0.5172 -0.0729 -0.6275 -0.2294 -0.1429 0.1267 3.362
7C -0.0277 -0.2386 -0.0258 -0.6359 -0.3324 -0.3548 -0.4149 -0.2301 0.1279 3.367
226
No 1Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx I SpecL Fy j SpecL Fz I SpecM Fx j SpecM Fy | SpecM Fz | SpecH Fx | SpecH Fy | SpecH Fz No 1 1 st AR Fx
71 0.4 80 2.070 1.703 0.520 0.859 0.049 0.033 0.0192 0.0164 0.0020 0.0021 0.0019 0.0003 0.0002 0.0003 0.0001 0.0000 71 -0.6962
72 0.4 100 2.444 1.525 0.479 0.837 0.131 0.052 0.0243 0.1039 0.0094 0.0215 0.0103 0.0009 0.0018 0.0044 0.0002 0.0003 72 -0.9934
73 0.4 120 2.534 1.341 0.431 0.814 0.191 0.066 0.0364 0.2891 0.0327 0.0193 0.0287 0.0017 0.0015 0.0110 0.0005 0.0003 73 -1.2356
74 0.4 140 2.603 1.204 0.395 0.786 0.174 0.062 0.0262 0.2506 0.0684 0.0421 0.0219 0.0047 0.0030 0.0055 0.0006 0.0006 74 -1.2765
75 0.4 160 2.718 1.112 0.367 0.760 0.206 0.071 0.0402 0.3711 0.0595 0.0429 0.0302 0.0024 0.0042 0.0136 0.0007 0.0006 75 -1.2870
76 0.5 80 2.118 1.734 0.544 0.993 0.064 0.039 0.0173 0.0236 0.0029 0.0025 0.0064 0.0006 0.0003 0.0016 0.0001 0.0001 76 -0.9151
77 0.5 100 2.387 1.586 0.506 0.971 0.057 0.039 0.0141 0.0215 0.0035 0.0028 0.0041 0.0007 0.0004 0.0011 0.0002 0.0001 77 -0.8066
78 0.5 120 2.522 1.458 0.484 0.954 0.056 0.041 0.0144 0.0205 0.0040 0.0026 0.0036 0.0010 0.0006 0.0009 0.0002 0.0001 78 -0.7336
79 0.5 140 2.608 1.376 0.454 0.959 0.133 0.055 0.0254 0.0926 0.0262 0.0271 0.0093 0.0028 0.0019 0.0020 0.0007 0.0004 79 -1.1587
80 0.5 160 2.684 1.300 0.440 0.950 0.153 0.062 0.0338 0.1384 0.0352 0.0327 0.0156 0.0025 0.0030 0.0059 0.0007 0.0005 80 -1.2132
81 0.6 80 2.291 1.677 0.572 1.151 0.072 0.053 0.0203 0.0310 0.0032 0.0033 0.0071 0.0008 0.0006 0.0015 0.0002 0.0001 81 -1.1534
82 0.6 100 2.412 1.530 0.533 1.124 0.068 0.062 0.0240 0.0243 0.0057 0.0031 0.0053 0.0009 0.0004 0.0014 0.0003 0.0001 82 -0.5071
lllü : Ü mm lililí lllü i !§ ¡|Hilililí ú.Q$é o m ...m m mmmm &Ú101 ómb mmmm mmmm mmmm I I * w m m
84 0.6 140 2.603 1.364 0.484 1.096 0.070 0.046 0.0178 0.0242 0.0086 0.0043 0.0032 0.0012 0.0005 0.0012 0.0004 0.0001 84 -0.8921
85 0.6 160 2.636 1.301 0.469 1.087 0.072 0.049 0.0193 0.0233 0.0177 0.0061 0.0042 0.0010 0.0011 0.0014 0.0003 0.0002 85 -0.9459
86 0.7 80 2.236 1.600 0.600 1.275 0.082 0.063 0.0255 0.0402 0.0088 0.0034 0.0083 0.0022 0.0008 0.0016 0.0004 0.0001 86 -1.2067
87 0.7 100 2.482 1.468 0.559 1.254 0.088 0.096 0.0456 0.0362 0.0114 0.0066 0.0090 0.0015 0.0007 0.0018 0.0004 0.0002 87 -0.6125
88 0.7 120 2.570 1.377 0.533 1.236 0.091 0.066 0.0225 0.0445 0.0149 0.0118 0.0066 0.0023 0.0010 0.0022 0.0004 0.0002 88 -0.8613
89 0.7 140 2.634 1.315 0.510 1.240 0.094 0.061 0.0239 0.0349 0.0219 0.0086 0.0100 0.0034 0.0017 0.0021 0.0006 0.0005 89 -0.8029
90 0.7 160 2.716 1.259 0.497 1.222 0.089 0.055 0.0258 0.0353 0.0239 0.0088 0.0081 0.0027 0.0016 0.0029 0.0008 0.0004 90 -0.7608
91 0.2 80 2.201 1.146 0.313 0.504 0.062 0.023 0.0103 0.0284 0.0024 0.0030 0.0020 0.0002 0.0005 0.0004 0.0001 0.0000 91 -1.0682
92 0.2 100 2.447 1.029 0.285 0.478 0.057 0.024 0.0101 0.0203 0.0029 0.0041 0.0014 0.0003 0.0003 0.0004 0.0001 0.0001 92 -0.6210
93 0.2 120 2.593 0.948 0.265 0.464 0.042 0.023 0.0093 0.0103 0.0015 0.0015 0.0010 0.0006 0.0006 0.0002 0.0001 0.0001 93 -0.6861
94 0.2 140 2.679 0.874 0.246 0.451 0.049 0.030 0.0117 0.0113 0.0016 0.0013 0.0012 0.0009 0.0002 0.0004 0.0001 0.0001 94 -0.6695
95 0.2 160 2.740 0.819 0.238 0.443 0.061 0.040 0.0142 0.0118 0.0021 0.0033 0.0012 0.0014 0.0004 0.0004 0.0001 0.0001 95 -0.5437
96 0.3 80 2.357 1.449 0.414 0.692 0.124 0.041 0.0181 0.1404 0.0082 0.0082 0.0100 0.0007 0.0013 0.0022 0.0001 0.0001 96 -1.0679
97 0.3 100 2.514 1.265 0.369 0.658 0.093 0.032 0.0146 0.0536 0.0135 0.0086 0.0037 0.0009 0.0012 0.0012 0.0001 0.0002 97 -1.2623
98 0.3 120 2.644 1.101 0.331 0.628 0.088 0.033 0.0155 0.0501 0.0082 0.0048 0.0047 0.0006 0.0007 0.0013 0.0002 0.0001 98 -1.1099
99 0.3 140 2.711 0.997 0.304 0.619 0.091 0.040 0.0183 0.0475 0.0074 0.0071 0.0046 0.0011 0.0008 0.0016 0.0002 0.0001 99 -0.9228
100 0.3 160 2.752 0.937 0.288 0.604 0.089 0.050 0.0177 0.0502 0.0128 0.0093 0.0034 0.0024 0.0017 0.0015 0.0002 0.0003 100 -0.7911
101 0.4 80 2.227 1.829 0.540 0.900 0.068 0.034 0.0168 0.0149 0.0096 0.0061 0.0035 0.0007 0.0010 0.0011 0.0001 0.0002 101 -1.1044
102 0.4 100 2.507 1.630 0.489 0.867 0.142 0.046 0.0228 0.1833 0.0192 0.0114 0.0142 0.0016 0.0008 0.0037 0.0003 0.0002 102 -1.2240
103 0.4 120 2.628 1.363 0.428 0.826 0.185 0.056 0.0253 0.2395 0.0364 0.0179 0.0165 0.0019 0.0021 0.0041 0.0005 0.0003 103 -1.1944
104 0.4 140 2.663 1.257 0.400 0.812 0.191 0.060 0.0302 0.2017 0.0540 0.0184 0.0150 0.0027 0.0023 0.0058 0.0008 0.0004 104 -1.4040
105 0.4 160 2.705 1.111 0.361 0.785 0.193 0.068 0.0379 0.2461 0.0560 0.0360 0.0204 0.0035 0.0043 0.0143 0.0009 0.0005 105 -1.2721
106 0.5 80 2.157 1.769 0.567 1.093 0.060 0.041 0.0199 0.0227 0.0022 0.0028 0.0032 0.0005 0.0004 0.0004 0.0002 0.0001 106 -0.9942
107 0.5 100 2.410 1.644 0.536 1.078 0.055 0.036 0.0135 0.0203 0.0027 0.0028 0.0026 0.0004 0.0004 0.0008 0.0001 0.0001 107 -0.6077
108 0.5 120 2.568 1.535 0.509 1.064 0.077 0.038 0.0151 0.0300 0.0072 0.0033 0.0036 0.0011 0.0005 0.0006 0.0002 0.0001 108 -0.9468
227
No 1st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
CW  A 
mm‘
71 0.3918 -0.6954 -0.4537 0.1667 -0.7121 -0.5790 0.4833 -0.9042 0.1291 3.372
72 0.1802 -0.1854 -0.3893 -0.2561 -0.3509 -0.6201 0.1198 -0.4996 0.1303 3.377
73 0.3339 -0.0963 -0.5039 -0.4460 -0.0456 -0.7426 -0.0778 -0.1793 0.1315 3.381
74 0.3632 -0.0839 -0.3780 -0.4822 -0.1338 -0.6035 -0.1281 -0.2681 0.1327 3.385
75 0.3538 -0.0631 -0.4411 -0.4817 -0.0688 -0.7076 -0.2110 -0.0811 0.1339 3.388
76 0.3470 -0.4317 -0.4025 -0.0350 -0.5613 -0.6009 0.3397 -0.7387 0.1350 3.392
77 -0.0378 -0.1555 0.1074 -0.4668 -0.6399 -0.3959 -0.1217 -0.4823 0.1362 3.395
78 -0.3706 0.1047 0.0773 -0.7605 -0.3157 -0.3275 -0.4633 -0.2092 0.1373 3.399
79 0.2208 -0.0609 -0.2484 -0.5971 -0.1511 -0.5468 -0.2467 -0.2063 0.1385 3.403
80 0.2980 -0.0826 -0.3036 -0.5217 -0.1702 -0.6421 -0.1645 -0.1931 0.1396 3.407
81 0.8479 -0.6945 -0.6736 0.1793 -0.5033 -0.9677 0.6537 -0.6861 0.1407 3.411
82 0.0507 -0.5435 -0.1215 -0.0567 -0.8208 -0.4136 0.2561 -0.8424 0.1418 3.415
11188m mm mmmmmmmm ..m mm ......*0.463$ mmmm $Ammmmm...m m 3 420
84 -0.2088 0.1012 0.0114 -0.7744 -0.2354 -0.3066 -0.5342 -0.1591 0.1440 3.425
85 0.0264 -0.0799 0.0838 -0.6064 -0.4753 -0.2848 -0.3762 -0.3389 0.1451 3.431
86 0.7265 -0.5195 -0.5666 -0.1149 -0.3145 -0.9806 0.5741 -0.5934 0.1461 3.438
87 0.3235 -0.7105 -0.2479 0.0541 -0.8026 -0.4502 0.3811 -0.9309 0.1472 3.445
88 -0.1532 0.0151 0.1518 -0.5723 -0.5782 -0.3368 -0.2934 -0.3698 0.1482 3.452
89 -0.2719 0.0767 -0.0819 -0.8036 -0.1107 -0.3547 -0.4569 -0.1881 0.1492 3.461
90 -0.1558 -0.0822 -0.1067 -0.5725 -0.3180 -0.3744 -0.2204 -0.4051 0.1502 3.470
91 0.2625 -0.1934 -0.4501 -0.4204 -0.1277 -0.5875 -0.0811 -0.3311 0.1511 3.479
92 -0.0289 -0.3494 -0.0319 -0.5546 -0.4117 -0.2664 -0.3123 -0.4213 0.1521 3.490
93 -0.1189 -0.1950 -0.0821 -0.5870 -0.3295 -0.3092 -0.3010 -0.3899 0.1530 3.501
94 -0.0575 -0.2723 -0.0291 -0.6028 -0.3646 -0.2259 -0.4498 -0.3242 0.1539 3.513
95 -0.1735 -0.2820 0.1376 -0.6613 -0.4722 -0.2297 -0.4314 -0.3386 0.1548 3.525
96 0.3497 -0.2812 -0.5680 -0.2638 -0.1660 -0.5602 -0.0047 -0.4349 0.1557 3.538
97 0.3943 -0.1313 -0.5083 -0.3483 -0.1416 -0.5983 0.0069 -0.4086 0.1566 3.552
98 0.2312 -0.1205 -0.3793 -0.4861 -0.1320 -0.5424 -0.2276 -0.2300 0.1574 3.567
99 0.1178 -0.1941 -0.1839 -0.5655 -0.2473 -0.4362 -0.2512 -0.3125 0.1583 3.582
100 -0.1082 -0.0991 -0.0025 -0.6416 -0.3497 -0.2807 -0.3857 -0.3333 0.1591 3.598
101 0.3198 -0.2154 -0.4619 -0.0098 -0.5280 -0.6278 0.3928 -0.7650 0.1599 3.615
102 0.2496 -0.0251 -0.4303 -0.3347 -0.2333 -0.7056 0.0684 -0.3628 0.1607 3.632
103 0.2208 -0.0253 -0.4620 -0.4550 -0.0807 -0.6557 -0.0704 -0.2738 0.1615 3.649
104 0.4862 -0.0798 -0.4797 -0.4511 -0.0642 -0.7548 -0.0499 -0.1951 0.1622 3.668
105 0.2524 0.0236 -0.4389 -0.4938 -0.0587 -0.7528 -0.2048 -0.0419 0.1630 3.686
106 0.5229 -0.5287 -0.4847 0.0987 -0.6128 -0.6675 0.4840 -0.8165 0.1637 3.706
107 -0.0453 -0.3468 0.0579 -0.3575 -0.6997 -0.3883 -0.0709 -0.5407 0.1645 3.725
108 -0.1558 0.1032 -0.1220 -0.6928 -0.1835 -0.3511 -0.3718 -0.2770 0.1652 3.745
228
No Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH Fz No 1 st AR Fx
109 0.5 140 2.662 1.381 0.472 1.037 0.136 0.048 0.0313 0.1506 0.0198 0.0119 0.0147 0.0009 0.0011 0.0086 0.0003 0.0003 109 -1.2050
p i l l i p p mm 2,708 4,242 I l i M 1JQD7 Ö 472 0,1164 s,ô4te £,2488 0,0380 i i i i i ï i s i 00200 om m 0,0021 p | $ P :$ ) i ooq qo 0,0003 i i i t c i l i l M
111 0.6 80 2.186 1.710 0.596 1.233 0.073 0.049 0.0228 0.0368 0.0042 0.0033 0.0072 0.0007 0.0007 0.0025 0.0003 0.0002 m -1.1631
112 0.6 100 2.425 1.562 0.556 1.212 0.075 0.060 0.0262 0.0303 0.0107 0.0033 0.0042 0.0010 0.0004 0.0017 0.0004 0.0001 112 -0.6142
113 0.6 120 2.573 1.456 0.528 1.194 0.069 0.043 0.0182 0.0259 0.0090 0.0035 0.0038 0.0011 0.0007 0.0020 0.0003 0.0002 113 -0.8501
P i l l i i g i l mm 2,668 4,378 p $ » 1479 i l i l i D M i i Ü Ü Ê i 00130 I l l i i M ; : OOÖ42 00015 0,GDÎO Ì 0,0009 ! 00003 00002 * -1,0521
115 0.6 160 2.676 1.314 0.492 1.171 0.073 0.047 0.0209 0.0261 0.0114 0.0064 0.0047 0.0011 0.0014 0.0021 0.0004 0.0003 115 -0.9874
116 0.7 80 2.298 1.637 0.628 1.376 0.086 0.058 0.0263 0.0465 0.0120 0.0077 0.0132 0.0026 0.0010 0.0034 0.0005 0.0002 116 -1.3492
117 0.7 100 2.526 1.515 0.589 1.353 0.098 0.100 0.0495 0.0472 0.0137 0.0043 0.0118 0.0022 0.0015 0.0027 0.0005 0.0003 117 -0.6694
118 0.7 120 2.592 1.364 0.552 1.289 0.087 0.059 0.0246 0.0367 0.0158 0.0074 0.0077 0.0017 0.0011 0.0028 0.0009 0.0004 118 -0.9247
119 0.7 140 2.664 1.285 0.531 1.273 0.096 0.060 0.0245 0.0297 0.0233 0.0175 0.0056 0.0030 0.0022 0.0016 0.0008 0.0004 119 -0.9009mmm: 0.7 mm 2.898 m i l i l i i i i i I l i Ü ® mm o xm 0,0236 0,0279
121 0.2 80 2.338 1.142 0.314 0.491 0.073 0.025 0.0131 0.0324 0.0043 0.0042 0.0019 0.0003 0.0005 0.0007 0.0001 0.0001 121 -1.0636
122 0.2 100 2.573 0.997 0.281 0.466 0.054 0.020 0.0105 0.0172 0.0026 0.0053 0.0009 0.0003 0.0002 0.0004 0.0001 0.0001 122 -0.9464
123 0.2 120 2.706 0.903 0.257 0.449 0.041 0.025 0.0097 0.0084 0.0011 0.0014 0.0007 0.0005 0.0003 0.0003 0.0000 0.0001 123 -0.5636
124 0.2 140 2.842 0.859 0.248 0.442 0.061 0.029 0.0124 0.0227 0.0064 0.0064 0.0014 0.0006 0.0007 0.0005 0.0001 0.0001 124 -0.9361
125 0.2 160 2.551 0.794 0.230 0.440 0.039 0.028 0.0105 0.0068 0.0011 0.0014 0.0007 0.0003 0.0002 0.0004 0.0001 0.0000 125 -0.6632
126 0.3 80 1.991 1.332 0.390 0.675 0.044 0.018 0.0086 0.0054 0.0016 0.0033 0.0006 0.0002 0.0005 0.0001 0.0000 0.0001 126 -0.6874
127 0.3 100 2.246 1.126 0.338 0.635 0.035 0.019 0.0075 0.0036 0.0012 0.0014 0.0003 0.0003 0.0002 0.0001 0.0000 0.0000 127 -0.6604
128 0.3 120 2.474 1.017 0.312 0.614 0.083 0.034 0.0152 0.0426 0.0048 0.0078 0.0044 0.0006 0.0009 0.0016 0.0001 0.0001 128 -0.9734
129 0.3 140 2.551 0.928 0.290 0.599 0.080 0.037 0.0174 0.0384 0.0082 0.0076 0.0035 0.0007 0.0008 0.0017 0.0002 0.0001 129 -0.9162
130 0.3 160 2.604 0.843 0.270 0.582 0.072 0.040 0.0173 0.0255 0.0056 0.0044 0.0021 0.0007 0.0009 0.0016 0.0002 0.0001 130 -0.8863
131 0.4 80 2.065 1.764 0.526 0.879 0.104 0.044 0.0190 0.0543 0.0086 0.0234 0.0053 0.0015 0.0038 0.0012 0.0002 0.0005 131 -1.1138
132 0.4 100 2.369 1.403 0.436 0.822 0.122 0.048 0.0215 0.0722 0.0178 0.0392 0.0078 0.0010 0.0058 0.0016 0.0002 0.0008 132 -1.0529
133 0.4 120 2.474 1.208 0.391 0.788 0.118 0.048 0.0230 0.0530 0.0226 0.0183 0.0042 0.0018 0.0029 0.0015 0.0003 0.0003 133 -0.9027
134 0.4 140 2.559 1.100 0.366 0.772 0.135 0.053 0.0278 0.1021 0.0360 0.0206 0.0077 0.0038 0.0023 0.0058 0.0005 0.0003 134 -1.0850
l i » mmmm I mm ïjm a m WÊÊm: 0063 Ü l Ü I I l i Ü i  mmm "" W 72 l i l i l í ! ■ I M I È M H Q.Û008: A m r mmm A m z m m i l  mmm.
136 0.5 80 2.001 2.090 0.643 1.095 0.063 0.041 0.0190 0.0185 0.0072 0.0063 0.0048 0.0007 0.0008 0.0017 0.0003 0.0002 136 -1.2911
137 0.5 100 2.279 1.931 0.607 1.069 0.064 0.061 0.0280 0.0203 0.0054 0.0022 0.0026 0.0007 0.0004 0.0011 0.0004 0.0001 137 -0.6170
138 0.5 120 2.430 1.644 0.528 1.013 0.144 0.057 0.0247 0.2004 0.0191 0.0155 0.0169 0.0021 0.0018 0.0045 0.0004 0.0003 138 -0.7972
139 0.5 140 2.523 1.448 0.475 0.974 0.149 0.053 0.0309 0.1220 0.0270 0.0231 0.0099 0.0028 0.0018 0.0060 0.0005 0.0003 139 -1.0725
140 0.5 160 2.584 1.279 0.433 0.946 0.140 0.050 0.0275 0.1138 0.0349 0.0230 0.0078 0.0021 0.0015 0.0051 0.0009 0.0002 140 -1.0645
I l i Ü l i i i l m m 1Ô6Î P immmmm ?21â Ö.07Ö Am4Ä Ü Ä AMA Ami &Û033 ..Ami Ü * Û.00Ô& ..Amt Û00Û1 mm
142 0.6 100 2.323 1.847 0.623 1.189 0.071 0.074 0.0386 0.0206 0.0061 0.0047 0.0052 0.0008 0.0007 0.0011 0.0003 0.0001 142 -0.8392
143 0.6 120 2.452 1.722 0.591 1.170 0.066 0.053 0.0183 0.0185 0.0093 0.0068 0.0039 0.0013 0.0008 0.0012 0.0003 0.0001 143 -0.7000
144 0.6 140 2.540 1.637 0.566 1.160 0.065 0.046 0.0178 0.0259 0.0084 0.0023 0.0042 0.0018 0.0007 0.0008 0.0005 0.0001 144 -0.7223
145 0.6 160 2.585 1.563 0.550 1.145 0.076 0.049 0.0185 0.0254 0.0116 0.0073 0.0050 0.0027 0.0010 0.0011 0.0006 0.0002 145 -0.8956
146 0.7 80 2.024 1.910 0.698 1.349 0.077 0.051 0.0270 0.0391 0.0070 0.0080 0.0096 0.0014 0.0011 0.0025 0.0009 0.0002 146 -1.4357
229
No 1st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
C W A
mm‘
109 0.2086 -0.0023 -0.2858 -0.5463 -0.1656 -0.6389 -0.1705 -0.1903 0.1659 3.766
¡ m u l i l i l í ! M M -0,3678 l l l i Â Ï Ä l i Ä i l i l $ Í $ $ l l l i i l s ü l i l l l * l l i l l l s i 3,787
111 0.6634 -0.5001 -0.5699 0.0138 -0.4418 -0.9257 0.5676 -0.6419 0.1673 3.808
112 0.1568 -0.5423 -0.1757 -0.0332 -0.7897 -0.4829 0.3381 -0.8552 0.1680 3.829
113 -0.3351 0.1857 0.0831 -0.6059 -0.4761 -0.4472 -0.2685 -0.2843 0.1687 3.850
I U I S S ¡ i l i o * I I Ü Ü 8 1 1 1 $ « ■ M S I -0,3962 l l l i l l i 1 Ü « I 3,872
115 -0.0246 0.0127 -0.0969 -0.5845 -0.3164 -0.5028 -0.2000 -0.2972 0.1701 3.894
116 0.7744 -0.4248 -0.5618 -0.1695 -0.2657 -0.9845 0.5575 -0.5729 0.1708 3.915
117 0.3445 -0.6748 -0.2842 0.0550 -0.7659 -0.4866 0.4160 -0.9293 0.1715 3.937
118 -0.0504 -0.0241 0.0947 -0.6446 -0.4481 -0.4709 -0.1528 -0.3761 0.1722 3.959
119 -0.2182 0.1209 -0.0292 -0.7859 -0.1823 -0.3420 -0.4214 -0.2363 0.1728 3.981
¡ l i l i s &025D mmm i i Ü Ü i 1 Ü Ü Ä ! l i l Ü M É *06276 l U i M i 4003
121 0.2717 -0.2075 -0.5951 -0.2222 -0.1806 -0.6417 -0.0845 -0.2735 0.1742 4.024
122 0.1484 -0.2014 -0.2804 -0.4926 -0.2253 -0.4365 -0.2619 -0.3015 0.1749 4.046
123 -0.1058 -0.3306 0.0325 -0.5856 -0.4451 -0.2771 -0.4050 -0.3178 0.1756 4.067
124 0.0183 -0.0814 -0.1727 -0.5062 -0.3187 -0.3176 -0.4039 -0.2784 0.1763 4.088
125 -0.2087 -0.1279 0.0780 -0.5905 -0.4849 -0.2373 -0.4174 -0.3452 0.1770 4.109
126 0.1639 -0.4762 -0.4308 -0.2892 -0.2790 -0.5065 0.1067 -0.6000 0.1777 4.130
127 0.0708 -0.4105 -0.1268 -0.6317 -0.2408 -0.3508 -0.1518 -0.4975 0.1785 4.150
128 0.0798 -0.1057 -0.2773 -0.5414 -0.1787 -0.4710 -0.2782 -0.2508 0.1792 4.170
129 0.0501 -0.1324 -0.0858 -0.6122 -0.2980 -0.3422 -0.4028 -0.2549 0.1800 4.190
130 0.0554 -0.1681 -0.0198 -0.6229 -0.3532 -0.2863 -0.4872 -0.2266 0.1807 4.210
131 0.4305 -0.3159 -0.8311 0.0669 -0.2332 -0.8232 0.3974 -0.5741 0.1815 4.229
132 0.3063 -0.2521 -0.7126 -0.1109 -0.1725 -0.7486 0.2550 -0.5062 0.1823 4.248
133 0.1764 -0.2725 -0.4866 -0.3815 -0.1277 -0.5927 0.0149 -0.4221 0.1831 4.266
134 0.2311 -0.1440 -0.4330 -0.4752 -0.0866 -0.6398 -0.0998 -0.2603 0.1839 4.284
m m W Ü M M .....m sm i l i i ü -0,4480 wsmmm i ¡ » Í Í Ü * w m 4.302
138 0.7395 -0.4481 -0.6619 0.1127 -0.4492 -1.0770 0.7791 -0.7020 0.1856 4.320
137 0.2440 -0.6268 -0.3142 0.1592 -0.8437 -0.4967 0.4263 -0.9296 0.1864 4.337
136 -0.0136 -0.1883 -0.2678 -0.4244 -0.3055 -0.5838 -0.0327 -0.3835 0.1873 4.353
139 0.1978 -0.1242 -0.4139 -0.4155 -0.1680 -0.6602 0.0087 -0.3485 0.1882 4.370
14C 0.168C -0.1009 -0.3021 -0.5508 -0.1429 -0.6005 -0.1366 -0.2626 0.1892 4.386
m m s i i l i mm\m sm m éi l i * i l l l l l l i m m m m i i i i i ü i l l l M i mmËm i i l l i i 4 4ÒÌ
142 0.5873 -0.7477 -0.4521 0.2853 -0.8311 -0.5912 0.5422 -0.9509 0.1911 4.417
142 -0.0248 -0.2749 0.0517 -0.3558 -0.6949 -0.4060 0.0362 -0.6300 0.1920 4.431
14,1 -0.3528 0.0752 0.0245 -0.7436 -0.2800 -0.3523 -0.4204 -0.2274 0.1930 4.446
145 -0.181C 0.0771 -0.0732 -0.6927 -0.2327 -0.3350 -0.4488 -0.2162 0.1941 4.460
148 0.8861 -0.4501 -0.6212 -0.2802 -0.0971 -1.2950 0.8258 -0.5307 0.1951 4.474
230
No Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH Fz No 1 st AR Fx
147 0.7 100 2.391 1.775 0.651 1.326 0.096 0.073 0.0348 0.0412 0.0099 0.0055 0.0079 0.0015 0.0008 0.0015 0.0004 0.0001 147 -0.9834
148 0.7 120 2.468 1.657 0.619 1.298 0.080 0.074 0.0272 0.0332 0.0099 0.0057 0.0066 0.0024 0.0015 0.0018 0.0005 0.0002 148 -0.5826
i i * l i l i mm 233Ô ...mmmmm1 1 « .....0063 mmmü i Ü l i mmmmmmm mmm ¡ i i i i i i i ......606t? 0.00*1 0,6020 mmm 6Û002 mm i i i l i i i p
150 0.7 160 2.614 1.506 0.572 1.267 0.082 0.058 0.0228 0.0266 0.0139 0.0075 0.0073 0.0044 0.0018 0.0024 0.0010 0.0003 150 -0.7888
151 0.2 80 2.207 0.979 0.286 0.483 0.042 0.018 0.0088 0.0062 0.0041 0.0053 0.0002 0.0003 0.0007 0.0003 0.0001 0.0001 151 -1.0650
152 0.2 100 2.336 0.939 0.269 0.473 0.045 0.018 0.0095 0.0135 0.0015 0.0018 0.0007 0.0002 0.0003 0.0003 0.0001 0.0000 152 -0.7755
153 0.2 120 2.524 0.900 0.259 0.461 0.050 0.022 0.0098 0.0154 0.0015 0.0011 0.0013 0.0003 0.0002 0.0005 0.0001 0.0000 153 -0.6448
154 0.2 140 2.605 0.832 0.240 0.450 0.044 0.026 0.0096 0.0129 0.0016 0.0017 0.0010 0.0003 0.0002 0.0003 0.0000 0.0001 154 -0.4247
155 0.2 160 2.691 0.797 0.235 0.447 0.048 0.031 0.0114 0.0127 0.0012 0.0021 0.0012 0.0004 0.0004 0.0003 0.0000 0.0001 155 -0.5627
156 0.3 80 2.060 1.314 0.388 0.683 0.051 0.021 0.0099 0.0295 0.0011 0.0027 0.0019 0.0002 0.0005 0.0004 0.0000 0.0001 156 -0.9032
157 0.3 100 2.332 1.211 0.363 0.659 0.086 0.031 0.0135 0.0561 0.0079 0.0051 0.0038 0.0006 0.0007 0.0010 0.0001 0.0001 157 -0.8434
158 0.3 120 2.536 1.077 0.328 0.638 0.063 0.025 0.0113 0.0198 0.0054 0.0041 0.0014 0.0002 0.0004 0.0005 0.0001 0.0001 158 -0.8122
159 0.3 140 2.625 0.968 0.301 0.616 0.053 0.031 0.0123 0.0119 0.0024 0.0073 0.0013 0.0004 0.0011 0.0007 0.0001 0.0001 159 -0.9232
160 0.3 160 2.716 0.899 0.283 0.604 0.084 0.043 0.0191 0.0420 0.0159 0.0084 0.0032 0.0014 0.0017 0.0023 0.0003 0.0002 160 -0.8824
161 0.4 80 2.298 1.475 0.455 0.880 0.105 0.037 0.0214 0.0661 0.0088 0.0048 0.0052 0.0004 0.0007 0.0026 0.0001 0.0001 161 -1.2695
l i l i s mm Ü Ü I i l  wm !§ ! !$ & 0 .417 tf,8S7 ¡ l i l i s 0,041 6,0232 6,1250 6,0150 6,0092 6,012? 6,006? 0,0611 0,0048 60004 6,0601
163 0.4 120 2.688 1.197 0.388 0.839 0.133 0.044 0.0328 0.1303 0.0176 0.0172 0.0096 0.0013 0.0011 0.0052 0.0003 0.0002 163 -1.3026
164 0.4 140 2.731 1.135 0.377 0.831 0.151 0.049 0.0331 0.1833 0.0188 0.0142 0.0133 0.0020 0.0011 0.0111 0.0006 0.0002 164 -1.3453
165 0.4 160 2.756 1.052 0.356 0.813 0.145 0.048 0.0256 0.1364 0.0146 0.0243 0.0107 0.0009 0.0021 0.0031 0.0004 0.0003 165 -1.3738
166 0.5 80 2.329 2.168 0.653 1.151 0.086 0.058 0.0317 0.0456 0.0059 0.0028 0.0086 0.0005 0.0005 0.0026 0.0001 0.0001 166 -0.9752
167 0.5 100 2.597 1.666 0.525 1.063 0.157 0.055 0.0257 0.1656 0.0135 0.0097 0.0118 0.0014 0.0013 0.0038 0.0008 0.0002 167 -1.0404
168 0.5 120 2.805 1.425 0.468 1.024 0.158 0.049 0.0343 0.1845 0.0389 0.0116 0.0133 0.0028 0.0020 0.0107 0.0010 0.0003 168 -1.4811
169 0.5 140 2.737 1.264 0.427 0.990 0.154 0.047 0.0283 0.1568 0.0457 0.0074 0.0098 0.0027 0.0012 0.0054 0.0012 0.0002 169 -1.4062
170 0.5 160 2.753 1.185 0.406 0.973 0.151 0.053 0.0213 0.1284 0.0650 0.0134 0.0116 0.0028 0.0010 0.0021 0.0010 0.0001 170 -1.5144
171 0.6 80 2.555 2.065 0.671 1.291 0.096 0.060 0.0241 0.0616 0.0069 0.0028 0.0100 0.0008 0.0006 0.0021 0.0002 0.0001 171 -1.1693
172 0.6 100 2.573 1.864 0.622 1.257 0.120 0.074 0.0310 0.1089 0.0240 0.0036 0.0128 0.0027 0.0009 0.0036 0.0004 0.0001 172 -0.5869
173 0.6 120 2.631 1.444 0.524 1.128 0.196 0.072 0.0587 0.2926 0.0543 0.0171 0.0301 0.0068 0.0015 0.0311 0.0030 0.0002 173 -1.3666
l i l i 1 I Ü I I Ü 3,044 1,345 0.494 1,098 0,209 0069 6,0289 6,2733 6,0832 6,058? 6,027? 6,0081 0,0045 6,6063 ! ! $ $ $ & 6,6606 mm -1,7398
175 0.6 160 2.707 1.273 0.477 1.086 0.204 0.069 0.0276 0.2627 0.1091 0.0391 0.0274 0.0037 0.0066 0.0039 0.0012 0.0009 175 -1.6906
176 0.7 80 2.370 1.882 0.687 1.343 0.094 0.068 0.0280 0.0578 0.0233 0.0049 0.0134 0.0040 0.0009 0.0036 0.0009 0.0001 176 -1.2926
177 0.7 100 2.585 1.729 0.644 1.313 0.114 0.102 0.0490 0.0539 0.0247 0.0062 0.0094 0.0029 0.0007 0.0034 0.0003 0.0002 177 -0.5945
178 0.7 120 2.641 1.602 0.607 1.288 0.114 0.063 0.0226 0.0642 0.0367 0.0152 0.0085 0.0029 0.0017 0.0013 0.0007 0.0003 178 -1.1011
179 0.7 140 2.707 1.506 0.583 1.280 0.154 0.066 0.0296 0.1336 0.0166 0.0472 0.0185 0.0023 0.0031 0.0056 0.0006 0.0008 179 -1.2929
180 0.7 160 2.730 1.409 0.554 1.260 0.165 0.070 0.0247 0.1865 0.0367 0.0232 0.0180 0.0029 0.0044 0.0020 0.0008 0.0007 180 -1.2966
181 0.2 80 2.315 1.188 0.289 0.416 0.065 0.022 0.0111 0.0366 0.0031 0.0063 0.0022 0.0003 0.0004 0.0008 0.0001 0.0001 181 -1.1355
182 0.2 100 2.647 1.074 0.261 0.398 0.050 0.019 0.0096 0.0206 0.0022 0.0017 0.0016 0.0002 0.0001 0.0006 0.0000 0.0000 182 -0.8476
183 0.2 120 2.744 0.973 0.234 0.375 0.034 0.016 0.0083 0.0084 0.0011 0.0003 0.0005 0.0001 0.0001 0.0003 0.0000 0.0000 183 -0.7036
184 0.2 140 2.862 0.943 0.230 0.374 0.035 0.020 0.0099 0.0084 0.0005 0.0003 0.0011 0.0002 0.0002 0.0003 0.0001 0.0001 184 -0.5487
231
No 1st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
C W A
mm'
147 0.7877 -0.8037 -0.5264 0.1670 -0.6372 -0.7140 0.6133 -0.8993 0.1962 4.488
148 0.0444 -0.4618 -0.0765 -0.1809 -0.7414 -0.4161 0.2014 -0.7854 0.1973 4.502
mm m &Û44£ m 43.8068 .....*&4003 iiííé :ml i l i » ¡ i  wmm l i l i l í ! 4.S15
150 -0.3471 0.1368 -0.0777 -0.7202 -0.2002 -0.3756 -0.3959 -0.2284 0.1996 4.528
151 0.3045 -0.2392 -0.5078 -0.3701 -0.1203 -0.6931 -0.0086 -0.2981 0.2007 4.541
152 0.1143 -0.3384 -0.2574 -0.4891 -0.2525 -0.4389 -0.1524 -0.4087 0.2019 4.553
153 0.0109 -0.3654 -0.0744 -0.5929 -0.3310 -0.2471 -0.3834 -0.3693 0.2032 4.566
154 -0.0847 -0.4904 0.0103 -0.5709 -0.4372 -0.2814 -0.3518 -0.3668 0.2044 4.578
155 -0.1828 -0.2540 0.0622 -0.6535 -0.4054 -0.1229 -0.4928 -0.3844 0.2057 4.590
156 0.2021 -0.2989 -0.4244 -0.4408 -0.1341 -0.5693 0.0516 -0.4823 0.2070 4.602
157 0.1286 -0.2852 -0.4224 -0.4213 -0.1549 -0.5531 0.0181 -0.4651 0.2083 4.614
158 0.0853 -0.2731 -0.2215 -0.5390 -0.2380 -0.4109 -0.2110 -0.3781 0.2096 4.626
159 0.0479 -0.1237 -0.0641 -0.6546 -0.2787 -0.3083 -0.4007 -0.2909 0.2110 4.638
160 0.0674 -0.1831 -0.1006 -0.6178 -0.2758 -0.4164 -0.3672 -0.2161 0.2124 4.649
161 0.3362 -0.0662 -0.5514 -0.3407 -0.1062 -0.8348 0.0779 -0.2430 0.2138 4.661
1 I I Ì 2 ■ l i -#,0517 l l i Ü Ü I l l i i s i é -0.03*5 4J.92Ö4 -Ü0Ö58 *0,0738 ■ ü 4.873
163 0.3232 -0.0194 -0.5833 -0.3958 -0.0185 -0.9107 -0.1017 0.0124 0.2167 4.684
164 0.3085 0.0391 -0.5698 -0.4781 0.0521 -0.9744 -0.1530 0.1276 0.2182 4.696
165 0.3570 0.0198 -0.4440 -0.5859 0.0344 -0.7784 -0.3082 0.0867 0.2198 4.708
166 0.7195 -0.7441 -0.7204 0.5571 -0.8355 -0.7188 0.6697 -0.9509 0.2213 4.719
167 0.1022 -0.0606 -0.2880 -0.3436 -0.3655 -0.7325 0.1778 -0.4450 0.2229 4.731
168 0.5000 -0.0178 -0.7087 -0.3522 0.0634 -1.1041 0.0972 0.0070 0.2244 4.743
169 0.3144 0.0942 -0.5279 -0.4925 0.0243 -0.9325 -0.1188 0.0515 0.2261 4.755
170 0.5138 0.0034 -0.5231 -0.6397 0.1671 -0.7610 -0.2464 0.0075 0.2277 4.767
171 0.8909 -0.7212 -0.8410 0.4868 -0.6437 -1.0436 0.8580 -0.8143 0.2293 4.779
172 0.0413 -0.4547 -0.1738 0.0284 -0.8540 -0.3959 0.2891 -0.8934 0.2310 4.791
173 0.2216 0.1469 -0.6262 -0.6210 0.2503 -1.1664 -0.0782 0.2448 0.2327 4.803
¡ l i l i l l i Ä ä *#,1859 -Ö63S7 -0.5368 0.4 762 i l l l i S i l ; : *0,1624 00625 6,2344 •4.813
175 0.8234 -0.1289 -0.5807 -0.5749 0.1616 -0.9206 -0.1177 0.0385 0.2361 4.828
176 0.8446 -0.5517 -0.6401 0.0346 -0.3914 -1.0346 0.6522 -0.6175 0.2379 4.840
177 0.2762 -0.6811 -0.3123 0.2024 -0.8872 -0.4796 0.4249 -0.9450 0.2396 4.853
178 -0.0196 0.1220 -0.0058 -0.6031 -0.3886 -0.4997 -0.2600 -0.2400 0.2414 4.865
179 0.2266 0.0689 -0.3201 -0.7697 0.0929 -0.6025 -0.4718 0.0743 0.2432 4.878
180 0.2426 0.0563 -0.3138 -0.5892 -0.0934 -0.5451 -0.2128 -0.2419 0.2450 4.891
181 0.3180 -0.1821 -0.4747 -0.3755 -0.1480 -0.6273 -0.0629 -0.3096 0.2468 4.904
182 -0.1127 -0.0397 -0.1114 -0.5529 -0.3351 -0.3134 -0.3587 -0.3279 0.2486 4.916
183 -0.1295 -0.1668 0.0266 -0.6031 -0.4230 -0.2973 -0.4066 -0.2961 0.2504 4.929
184 -0.4039 -0.0473 0.0523 -0.6198 -0.4311 -0.3442 -0.3775 -0.2784 0.2523 4.942
232
No Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz S p e d  Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH Fz No 1 st AR Fx
185 0.2 160 2.916 0.909 0.222 0.373 0.032 0.044 0.0457 0.0037 0.0032 0.0011 0.0004 0.0124 0.0001 0.0003 0.0168 0.0001 185 -0.6730
186 0.3 80 2.472 1.553 0.408 0.625 0.026 0.014 0.0071 0.0032 0.0003 0.0010 0.0002 0.0001 0.0001 0.0002 0.0000 0.0000 186 -0.6939
mm mmËÈÈ zm * ,3 4 0 iti» i l * 0 0 Û mmm ........ 0 0 0 7 1 i l  mm 0 0 0 0 0 0 0 0 0 7 ■ ■ 0 Ô Û 0 1 ..........0 ,0 0 0 3 mmm 0 ,0 0 0 0 ill* I ^ > 4 2 0 0
188 0.3 120 2.776 1.193 0.325 0.567 0.079 0.034 0.0171 0.0352 0.0054 0.0052 0.0052 0.0006 0.0007 0.0019 0.0001 0.0001
COCO -0.8354
189 0.3 140 2.929 1.020 0.283 0.535 0.095 0.066 0.0564 0.0427 0.0171 0.0242 0.0081 0.0171 0.0015 0.0018 0.0265 0.0003 189 -0.9306
190 0.3 160 2.929 1.020 0.283 0.535 0.095 0.066 0.0564 0.0427 0.0171 0.0242 0.0081 0.0171 0.0015 0.0018 0.0265 0.0003 190 -0.9306
191 0.4 80 2.429 2.110 0.590 0.874 0.185 0.066 0.0321 0.2549 0.0402 0.0346 0.0208 0.0026 0.0036 0.0054 0.0006 0.0006 191 -1.1442
192 0.4 100 2.686 1.681 0.483 0.804 0.181 0.061 0.0313 0.1693 0.0260 0.0166 0.0113 0.0016 0.0025 0.0037 0.0005 0.0004 192 -1.1852
193 0.4 120 2.750 1.530 0.443 0.774 0.177 0.064 0.0353 0.2036 0.0500 0.0094 0.0154 0.0043 0.0026 0.0072 0.0006 0.0004 193 -1.0784
194 0.4 140 2.790 1.369 0.405 0.740 0.163 0.061 0.0307 0.1425 0.0425 0.0278 0.0137 0.0035 0.0054 0.0047 0.0011 0.0010 194 -1.1091
195 0.4 160 2.805 1.242 0.375 0.722 0.179 0.072 0.0314 0.0975 0.1173 0.0499 0.0083 0.0117 0.0063 0.0032 0.0022 0.0007 195 -1.2019
196 0.5 80 2.359 2.045 0.665 1.129 0.074 0.039 0.0153 0.0414 0.0057 0.0028 0.0081 0.0007 0.0004 0.0010 0.0001 0.0001 196 -1.0802
197 0.5 100 2.656 1.821 0.627 1.101 0.097 0.058 0.0269 0.0493 0.0117 0.0050 0.0060 0.0009 0.0008 0.0010 0.0002 0.0001 197 -0.5666
198 0.5 120 2.718 1.597 0.565 1.061 0.146 0.053 0.0258 0.1353 0.0353 0.0214 0.0142 0.0034 0.0011 0.0043 0.0005 0.0002 198 -1.2381
199 0.5 140 2.751 1.208 0.460 1.001 0.155 0.054 0.0245 0.1139 0.0782 0.0140 0.0116 0.0036 0.0014 0.0027 0.0010 0.0002 199 -1.6065
200 0.5 160 2.780 1.138 0.443 0.984 0.171 0.056 0.0233 0.1264 0.0633 0.0491 0.0133 0.0043 0.0025 0.0024 0.0010 0.0005 200 -1.6170
201 0.6 80 2.464 1.903 0.681 1.260 0.090 0.056 0.0222 0.0469 0.0134 0.0026 0.0070 0.0018 0.0006 0.0013 0.0004 0.0001 201 -1.1265
202 0.6 100 2.611 1.738 0.636 1.234 0.098 0.065 0.0257 0.0480 0.0174 0.0054 0.0060 0.0017 0.0011 0.0007 0.0005 0.0002 202 -0.6270
203 0.6 120 2.695 1.567 0.591 1.209 0.121 0.058 0.0281 0.0893 0.0420 0.0177 0.0105 0.0033 0.0016 0.0055 0.0006 0.0003 203 -1.1167
mm wmimm 2 ,73 6 1,4 S 3 0 .5 S 1 1/IS 2 0 ,*5 3 0,059 0 ,0 16 5 0 ,0 0 3 5 0 ,00 20 0,0043 0.0O G5
205 0.6 160 2.768 1.314 0.520 1.158 0.177 0.070 0.0271 0.1362 0.0755 0.0546 0.0151 0.0063 0.0027 0.0033 0.0021 0.0006 205 -1.3733
206 0.7 80 2.425 1.840 0.713 1.399 0.104 0.066 0.0284 0.0669 0.0198 0.0073 0.0123 0.0028 0.0014 0.0020 0.0006 0.0002 206 -1.3372
207 0.7 100 2.685 1.755 0.684 1.385 0.128 0.096 0.0527 0.0674 0.0356 0.0067 0.0087 0.0030 0.0016 0.0018 0.0006 0.0003 207 -0.7278
208 0.7 120 2.647 1.697 0.668 1.376 0.125 0.092 0.0444 0.0648 0.0379 0.0121 0.0109 0.0040 0.0020 0.0032 0.0009 0.0004 208 -0.8182
209 0.7 140 2.733 1.378 0.578 1.334 0.160 0.065 0.0264 0.1375 0.0803 0.0300 0.0177 0.0065 0.0035 0.0028 0.0016 0.0006 209 -1.3960
210 0.7 160 2.778 1.321 0.568 1.320 0.148 0.071 0.0247 0.0353 0.1310 0.0377 0.0047 0.0133 0.0049 0.0007 0.0018 0.0008 210 -1.1921
211 0.2 80 2.500 0.998 0.283 0.460 0.023 0.013 0.0053 0.0009 0.0009 0.0010 0.0002 0.0001 0.0001 0.0000 0.0000 0.0000 211 -0.7101
212 0.2 100 2.648 0.880 0.254 0.434 0.018 0.013 0.0062 0.0008 0.0003 0.0004 0.0001 0.0001 0.0001 0.0001 0.0000 0.0000 212 -0.5185
¡¡111m ¡IÍÉ mmlililí ¡ÜÜ ..0 4 2 0 .......zm 0,009? 0,0003 0 ,0 0 1 î mm 1  0 ,0006 0 ,00 0 3 mmm IliÜÜ mm ........ 0 0 0 0 0 mmm: :•• m m
214 0.2 140 2.912 0.773 0.225 0.414 0.039 0.025 0.0111 0.0084 0.0019 0.0013 0.0006 0.0002 0.0002 0.0004 0.0001 0.0001 214 -0.5473
215 0.2 160 2.974 0.750 0.218 0.413 0.046 0.063 0.0655 0.0081 0.0066 0.0029 0.0009 0.0334 0.0002 0.0007 0.0430 0.0001 215 -0.5472
216 0.3 80 2.638 1.481 0.439 0.685 0.023 0.015 0.0074 0.0034 0.0004 0.0007 0.0003 0.0001 0.0001 0.0002 0.0000 0.0000 216 -0.5436
217 0.3 100 2.713 1.254 0.380 0.647 0.018 0.015 0.0068 0.0007 0.0003 0.0004 0.0002 0.0001 0.0001 0.0001 0.0000 0.0000 217 -0.5068
218 0.3 120 2.795 1.122 0.349 0.622 0.021 0.017 0.0074 0.0021 0.0006 0.0004 0.0003 0.0001 0.0001 0.0002 0.0001 0.0000 218 -0.4245
219 0.3 140 2.867 1.036 0.327 0.608 0.028 0.023 0.0105 0.0026 0.0011 0.0009 0.0003 0.0002 0.0003 0.0004 0.0001 0.0001 219 -0.5324
220 0.3 160 2.924 0.848 0.276 0.575 0.049 0.032 0.0136 0.0201 0.0090 0.0039 0.0019 0.0007 0.0004 0.0006 0.0002 0.0002 220 -0.8028
221 0.4 80 2.606 1.842 0.565 0.924 0.193 0.064 0.0323 0.1793 0.0287 0.0612 0.0151 0.0013 0.0090 0.0044 0.0004 0.0012 221 -1.1650
222 0.4 100 2.769 1.533 0.489 0.861 0.209 0.070 0.0324 0.2740 0.0704 0.0459 0.0214 0.0045 0.0051 0.0060 0.0007 0.0007 222 -1.4162
233
No 1st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
CW  A 
mm‘
185 -0.4961 0.1694 -0.6873 -0.5825 0.2837 -1.4367 0.2547 0.1868 0.2541 4.955
186 0.1077 -0.4137 -0.1862 -0.4937 -0.3200 -0.3806 -0.1981 -0.4212 0.2560 4.968
warnS U ..S i wmm wmm M K WÊÊÎÈMaaaamm m m l i ! » l l i l i lg t
188 -0.1577 -0.0061 -0.3724 -0.4259 -0.1986 -0.4941 -0.3001 -0.2056 0.2597 4.994
189 -0.1660 0.0988 -0.4622 -0.5995 0.0800 -1.1603 -0.1954 0.3602 0.2615 5.007
190 -0.1660 0.0988 -0.4622 -0.5995 0.0800 -1.1603 -0.1954 0.3602 0.2634 5.019
191 0.3907 -0.2459 -0.7933 0.2666 -0.4714 -0.7358 0.4661 -0.7303 0.2652 5.032
192 0.3126 -0.1257 -0.6297 -0.1633 -0.2030 -0.8109 0.2318 -0.4205 0.2671 5.044
193 0.1137 -0.0339 -0.6062 -0.2352 -0.1533 -0.7690 0.0216 -0.2523 0.2689 5.057
194 0.1602 -0.0480 -0.6362 -0.2099 -0.1465 -0.8800 0.1650 -0.2846 0.2708 5.069
195 0.2993 -0.0930 -0.4520 -0.4495 -0.0875 -0.7243 -0.0378 -0.2375 0.2726 5.081
196 0.4028 -0.3226 -0.4513 -0.0358 -0.5126 -0.6862 0.4441 -0.7578 0.2744 5.093
197 0.1277 -0.5604 -0.1983 -0.0073 -0.7929 -0.4339 0.3175 -0.8834 0.2763 5.105
198 0.0629 0.1762 -0.3354 -0.5933 -0.0696 -0.7124 -0.1832 -0.1043 0.2781 5.116
199 0.7004 -0.0912 -0.6057 -0.4707 0.0795 -0.9152 -0.1194 0.0347 0.2799 5.127
200 0.7502 -0.1287 -0.6311 -0.4591 0.0956 -0.8865 -0.0904 -0.0228 0.2816 5.138
201 0.7897 -0.6632 -0.7961 0.4398 -0.6427 -0.9063 0.7077 -0.8014 0.2834 5.149
202 0.1522 -0.5249 -0.1999 0.0195 -0.8187 -0.4273 0.3036 -0.8763 0.2851 5.160
203 -0.0426 0.1602 -0.1092 -0.5904 -0.2986 -0.6256 -0.3112 -0.0631 0.2868 5.170
l l i i ; 0 ,*244 -Ö4Ö27 -0Æ53Aj 0.0585 mamilim s 4J;D0Q6 a,2885 5.180
205 0.3258 0.0518 -0.3840 -0.6073 -0.0025 -0.7394 -0.1836 -0.0767 0.2902 5.189
206 0.7287 -0.3910 -0.5749 -0.1910 -0.2310 -1.0991 0.7033 -0.6042 0.2919 5.198
207 0.4429 -0.7146 -0.4007 0.2594 -0.8574 -0.5077 0.4624 -0.9548 0.2935 5.207
208 0.3682 -0.5495 -0.3154 0.1342 -0.8168 -0.4856 0.4066 -0.9210 0.2951 5.215
209 0.3920 0.0069 -0.4990 -0.5886 0.0912 -0.7728 -0.1411 -0.0860 0.2967 5.223
210 0.0566 0.1386 -0.3600 -0.5687 -0.0665 -0.6112 -0.2405 -0.1482 0.2983 5.231
211 0.1106 -0.4004 -0.2576 -0.4138 -0.3279 -0.4348 -0.0987 -0.4664 0.2998 5.238
212 -0.0722 -0.4091 -0.0504 -0.5013 -0.4477 -0.3584 -0.2845 -0.3569 0.3013 5.245
mam: -Û.Î7Ô9 wrnmm....I liS :... maam wmm i i wmm wmmm i i i n
214 -0.3527 -0.0997 0.0784 -0.6304 -0.4461 -0.2487 -0.4779 -0.2732 0.3042 5.258
215 -0.4466 -0.0052 -0.7132 -0.5527 0.2864 -1.3089 -0.0739 0.3888 0.3056 5.263
216 -0.0204 -0.4361 -0.1167 -0.5419 -0.3413 -0.3506 -0.2291 -0.4203 0.3070 5.268
217 -0.1286 -0.3646 0.0015 -0.5728 -0.4284 -0.3297 -0.2568 -0.4134 0.3083 5.273
218 -0.2695 -0.306C 0.0254 -0.6016 -0.4235 -0.2954 -0.5031 -0.2014 0.3096 5.277
219 -0.3220 -0.1454 0.0300 -0.6017 -0.4275 -0.3141 -0.4712 -0.2146 0.3109 5.281
220 -0.2074 0.0108 0.1041 -0.6601 -0.4418 -0.3762 -0.5013 -0.1225 0.3122 5.285
221 0.4246 -0.2591 -0.7324 0.1365 -0.4024 -0.7627 0.4533 -0.6907 0.3134 5.288
222 0.5356 -0.1166 -0.7782 -0.0401 -0.1757 -1.0070 0.2925 -0.2852 0.3146 5.291
234
No Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH Fz No 1st AR Fx
223 0.4 120 2.794 1.328 0.435 0.827 0.199 0.072 0.0389 0.1800 0.1182 0.0470 0.0199 0.0092 0.0081 0.0109 0.0020 0.0016 223 -1.3057
224 0.4 140 2.880 1.276 0.419 0.798 0.056 0.035 0.0189 0.0063 0.0042 0.0067 0.0006 0.0011 0.0014 0.0010 0.0020 0.0004 224 -0.6739_
P i 2m mm mm ■ ■ m m mmm ....mm mmm i l i « 00177 ......00058 l i l i ® ......mz 1 m 00004 mm f l U H
226 0.5 80 2.410 2.124 0.662 1.101 0.071 0.043 0.0192 0.0332 0.0070 0.0020 0.0056 0.0008 0.0003 0.0008 0.0001 0.0001 226 -1.0765
227 0.5 100 2.640 1.935 0.622 1.074 0.097 0.052 0.0210 0.0459 0.0074 0.0033 0.0061 0.0008 0.0003 0.0006 0.0002 0.0001 227 -0.5353
228 0.5 120 2.711 1.632 0.549 1.018 0.176 0.062 0.0316 0.2212 0.0445 0.0281 0.0164 0.0036 0.0026 0.0071 0.0005 0.0005 228 -1.2789
229 0.5 140 2.732 1.388 0.488 0.974 0.166 0.064 0.0281 0.1166 0.1054 0.0183 0.0149 0.0094 0.0032 0.0029 0.0012 0.0006 229 -1.3520
230 0.5 160 2.767 1.184 0.435 0.939 0.143 0.051 0.0234 0.0149 0.0975 0.0516 0.0023 0.0110 0.0034 0.0010 0.0031 0.0010 230 -1.5933
231 0.6 80 2.420 2.017 0.682 1.235 0.092 0.054 0.0226 0.0553 0.0127 0.0035 0.0087 0.0010 0.0006 0.0015 0.0003 0.0001 231 -1.2086
232 0.6 100 2.591 1.824 0.637 1.200 0.093 0.063 0.0293 0.0373 0.0199 0.0038 0.0044 0.0024 0.0011 0.0014 0.0004 0.0001 232 -0.6108
233 0.6 120 2.663 1.662 0.599 1.170 0.119 0.057 0.0255 0.0601 0.0342 0.0127 0.0082 0.0031 0.0014 0.0032 0.0007 0.0002 233 -1.1047
234 0.6 140 2.704 1.498 0.555 1.140 0.162 0.062 0.0255 0.0932 0.1012 0.0152 0.0118 0.0084 0.0039 0.0024 0.0014 0.0007 234 -1.4411
235 0.6 160 2.744 1.351 0.516 1.111 0.195 0.070 0.0271 0.0308 0.1699 0.1192 0.0028 0.0169 0.0068 0.0007 0.0022 0.0017 235 -1.5724
236 0.7 80 2.416 1.946 0.723 1.360 0.118 0.073 0.0294 0.0921 0.0265 0.0089 0.0251 0.0046 0.0015 0.0049 0.0007 0.0004 236 -1.4654
237 0.7 100 2.620 1.785 0.673 1.336 0.126 0.082 0.0402 0.0690 0.0320 0.0150 0.0095 0.0039 0.0016 0.0014 0.0005 0.0003 237 -0.8592
II« 07 !H 2 684 1.646 0842 Mm 0118 0072 0,0270 0,0588 0,0445 0,0175 00090 0,0046 0,0025 0,0027 0.0006 0,0005 ÜÜI
239 0.7 140 2.720 1.446 0.581 1.293 0.157 0.070 0.0276 0.0553 0.1142 0.0466 0.0071 0.0138 0.0095 0.0015 0.0023 0.0014 239 -1.3640
240 0.7 160 2.764 2.197 0.794 1.692 0.182 0.076 0.0291 0.0233 0.1538 0.1113 0.0029 0.0182 0.0065 0.0010 0.0031 0.0017 240 -1.2999
241 0.2 80 2.340 0.769 0.228 0.429 0.057 0.023 0.0088 0.0184 0.0050 0.0036 0.0016 0.0003 0.0002 0.0003 0.0000 0.0000 241 -1.1914
242 0.2 100 2.478 0.657 0.196 0.409 0.019 0.013 0.0063 0.0009 0.0004 0.0003 0.0001 0.0001 0.0001 0.0001 0.0000 0.0000 242 -0.5639
243 0.2 120 2.627 0.585 0.179 0.396 0.020 0.016 0.0078 0.0018 0.0003 0.0003 0.0002 0.0001 0.0001 0.0002 0.0000 0.0000 243 -0.6262
11®mm Í4Q 2.687 0652 0.172 6,388 0,025 0,021 0.0098 0,0017 00005 0,0004 0,0002 0,0001 0,0001 0,0002 00000 0,0000 i l » -0 47Í8
245 0.2 160 2.760 0.546 0.176 0.399 0.050 0.066 0.0676 0.0126 0.0038 0.0064 0.0014 0.0006 0.0331 0.0012 0.0004 0.0377 245 -0.8858
246 0.3 80 2.473 1.264 0.373 0.657 0.072 0.039 0.0128 0.0329 0.0054 0.0083 0.0209 0.0033 0.0008 0.0008 0.0003 0.0001 246 -1.1148
247 0.3 100 2.584 1.066 0.322 0.623 0.088 0.028 0.0157 0.0510 0.0042 0.0069 0.0023 0.0002 0.0005 0.0013 0.0001 0.0001 247 -1.1570
248 0.3 120 2.653 0.913 0.303 0.596 0.024 0.016 0.0062 0.0031 0.0006 0.0006 0.0003 0.0002 0.0001 0.0001 0.0000 0.0000 248 -0.5245
249 0.3 140 2.708 0.741 0.253 0.566 0.028 0.022 0.0100 0.0037 0.0014 0.0008 0.0011 0.0004 0.0003 0.0005 0.0001 0.0000 249 -0.6408
250 0.3 160 2.756 0.685 0.239 0.553 0.031 0.032 0.0122 0.0030 0.0011 0.0020 0.0005 0.0002 0.0002 0.0005 0.0001 0.0001 250 -0.5000
251 0.4 80 2.588 1.906 0.572 0.915 0.032 0.030 0.0126 0.0012 0.0011 0.0009 0.0004 0.0002 0.0002 0.0004 0.0001 0.0000 251 -0.5566
252 0.4 100 2.625 1.717 0.538 0.884 0.075 0.034 0.0123 0.0465 0.0090 0.0093 0.0044 0.0012 0.0011 0.0008 0.0001 0.0001 252 -0.9082
253 0.4 120 2.683 1.529 0.496 0.844 0.090 0.034 0.0152 0.0337 0.0032 0.0021 0.0027 0.0005 0.0003 0.0009 0.0001 0.0000 253 -0.9672
254 0.4 140 2.725 1.148 0.404 0.763 0.121 0.052 0.0244 0.0273 0.0055 0.0052 0.0039 0.0033 0.0023 0.0020 0.0008 0.0003 254 -0.9074
255 0.4 160 2.733 0.933 0.353 0.725 0.167 0.058 0.0214 0.1575 0.0904 0.0125 0.0175 0.0050 0.0021 0.0028 0.0008 0.0003 255 -1.4684
256 0.5 80 2.107 1.727 0.592 0.933 0.067 0.038 0.0166 0.0278 0.0062 0.0030 0.0060 0.0006 0.0003 0.0015 0.0002 0.0000 256 -1.3281
mmmmm mmmimm i l * mmmili» mmmliÜiiÜ 0 0 2 # lüüiü ûmr OOÖ41 00012 ....0ÖQ07 0,0013 1 00002 00001 Ü H mm
258 0.5 120 2.574 1.432 0.522 0.890 0.071 0.039 0.0138 0.0240 0.0180 0.0110 0.0044 0.0013 0.0010 0.0007 0.0003 0.0002 258 -1.0135
259 0.5 140 2.613 1.287 0.483 0.859 0.106 0.045 0.0179 0.0685 0.0306 0.0154 0.0097 0.0033 0.0021 0.0022 0.0003 0.0002 259 -1.3194
260 0.5 160 2.643 1.124 0.438 0.829 0.173 0.061 0.0245 0.0447 0.1911 0.0388 0.0049 0.0189 0.0027 0.0010 0.0031 0.0006 260 -1.5485
235
No 1st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
CW  A 
mm‘
223 0.3003 0.0086 -0.7667 -0.1654 -0.0606 -1.0330 0.2269 -0.1935 0.3157 5.294
224 -0.0819 -0.2442 -0.1906 -0.5684 -0.2394 -0.6918 -0.2750 -0.0330 0.3169 5.296
mm wmmm .....m m mmmm wmmm I l i l  Ü Ü i ■ H ■ ■ .....m m m  m m I $ I
226 0.6280 -0.5516 -0.5708 0.1575 -0.5857 -0.7398 0.5833 -0.8434 0.3190 5.299
227 0.0316 -0.4961 -0.1153 -0.1647 -0.7192 -0.4494 0.2892 -0.8398 0.3201 5.300
228 0.1405 0.1401 -0.4844 -0.6537 0.1410 -0.7354 -0.2700 0.0055 0.3211 5.301
229 0.2883 0.0660 -0.6368 -0.4356 0.0767 -0.9359 0.0538 -0.1178 0.3221 5.301
230 0.7288 -0.1323 -0.5105 -0.5550 0.0695 -0.8298 -0.2044 0.0344 0.3231 5.302
231 0.7723 -0.5635 -0.8124 0.5086 -0.6953 -0.8384 0.6762 -0.8378 0.3240 5.302
232 0.1930 -0.5821 -0.2249 0.0087 -0.7824 -0.4576 0.3475 -0.8898 0.3250 5.302
233 -0.1228 0.2285 -0.2262 -0.6314 -0.1407 -0.6691 -0.3039 -0.0269 0.3259 5.301
234 0.4138 0.0300 -0.5492 -0.6065 0.1606 -0.7946 -0.2441 0.0389 0.3268 5.301
235 0.7019 -0.1248 -0.6210 -0.4590 0.0864 -0.8751 -0.0614 -0.0635 0.3277 5.300
236 0.9108 -0.4451 -0.6822 -0.0295 -0.2854 -1.1046 0.6962 -0.5915 0.3286 5.300
237 0.3770 -0.5172 -0.3174 0.0505 -0.7308 -0.5212 0.4273 -0.9061 0.3295 5.299
I l i i â S ♦0,0141 -0,1133 “00873 -0,3020 -0,8030 *0,8141 0,1318 *0,5174 0,3304
239 0.3968 -0.0304 -0.5524 -0.5491 0.1067 -0.8041 -0.1685 -0.0272 0.3313 5.297
240 0.2859 0.0162 -0.4552 -0.5962 0.0541 -0.7183 -0.1489 -0.1328 0.3322 5.296
241 0.3274 -0.1352 -0.5544 -0.3064 -0.1353 -0.7177 0.0524 -0.3346 0.3331 5.295
242 -0.0869 -0.3492 0.0332 -0.6696 -0.3627 -0.2682 -0.4105 -0.3213 0.3340 5.294
243 -0.1686 -0.2050 0.1083 -0.7581 -0.3486 -0.2410 -0.4736 -0.2855 0.3349 5.292
I l W Ê -0,1747 *03520 01599 *0,7721 *0,3048 ^ 2 M 7 -04805 m m m m 0,5380 : I  8,2591
245 -0.1528 0.0410 -0.8771 -0.3222 0.2712 -1.7633 1.2156 -0.4449 0.3369 5.291
246 0.2550 -0.1398 -0.5680 -0.4036 -0.0265 -0.5914 -0.1709 -0.2376 0.3379 5.290
247 0.2429 -0.0851 -0.3494 -0.4683 -0.1800 -0.5882 -0.1649 -0.2468 0.3389 5.289
248 -0.2846 -0.1908 0.0065 -0.6446 -0.3618 -0.2241 -0.4758 -0.3000 0.3400 5.288
249 -0.1924 -0.1668 0.0332 -0.7417 -0.2904 -0.3333 -0.4727 -0.1939 0.3411 5.288
250 -0.2927 -0.2069 0.1111 -0.7488 -0.3588 -0.3291 -0.5090 -0.1617 0.3422 5.287
251 0.1045 -0.5481 -0.1948 -0.0738 -0.7310 -0.4347 0.2504 -0.8158 0.3434 5.287
252 -0.0416 -0.0499 -0.1743 -0.6264 -0.1983 -0.3822 -0.3267 -0.2910 0.3446 5.287
253 -0.0904 0.0581 -0.1811 -0.6200 -0.1976 -0.4204 -0.3523 -0.2273 0.3459 5.287
254 -0.2944 0.2034 -0.4566 -0.4799 -0.0590 -0.6181 -0.3726 -0.0091 0.3473 5.287
255 0.4180 0.0559 -0.6576 -0.4768 0.1416 -0.8297 -0.1893 0.0193 0.3487 5.287
256 0.6924 -0.3642 -0.6722 0.1481 -0.4748 -0.9115 0.5932 -0.6816 0.3501 5.287
mm o m m m m M N i mmmm 035Ï7 i l i »
258 -0.1413 0.1555 -0.2242 -0.6483 -0.1262 -0.4701 -0.3217 -0.2082 0.3533 5.288
259 0.3047 0.0160 -0.5850 -0.4308 0.0184 -0.8065 -0.0358 -0.1575 0.3550 5.289
260 0.6307 -0.0772 -0.7090 -0.4255 0.1413 -0.8785 -0.1146 -0.0066 0.3567 5.290
236
No Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz S p ed  Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH Fz No 1st AR Fx
261 0.6 80 2.176 1.700 0.608 1.060 0.083 0.049 0.0197 0.0402 0.0148 0.0056 0.0094 0.0016 0.0007 0.0013 0.0003 0.0001 261 -1.3579
262 0.6 100 2.460 1.536 0.571 1.030 0.095 0.057 0.0261 0.0420 0.0250 0.0069 0.0078 0.0028 0.0009 0.0011 0.0005 0.0002 262 -0.8353
263 0.6 120 2.574 1.409 0.541 1.006 0.091 0.048 0.0189 0.0370 0.0235 0.0111 0.0060 0.0029 0.0012 0.0016 0.0003 0.0002 263 -1.1259
264 0.6 140 2.627 1.306 0.512 0.988 0.101 0.047 0.0175 0.0322 0.0368 0.0266 0.0054 0.0050 0.0023 0.0010 0.0007 0.0004 264 -1.3421
265 0.6 160 2.647 1.233 0.491 0.981 0.109 0.050 0.0183 0.0124 0.0599 0.0323 0.0026 0.0081 0.0037 0.0005 0.0006 0.0005 265 -1.3303
266 0.7 80 2.099 1.759 0.646 1.277 0.107 0.056 0.0304 0.0617 0.0180 0.0087 0.0124 0.0025 0.0017 0.0021 0.0006 0.0003 266 -1.4546
267 0.7 100 2.530 1.589 0.599 1.262 0.121 0.096 0.0576 0.0456 0.0307 0.0108 0.0102 0.0062 0.0019 0.0034 0.0012 0.0004 267 -0.7407
268 0.7 120 2.553 1.458 0.566 1.234 0.118 0.070 0.0278 0.0553 0.0491 0.0183 0.0166 0.0081 0.0032 0.0033 0.0014 0.0006 268 -1.1232
269 0.7 140 2.640 1.364 0.548 1.217 0.126 0.072 0.0247 0.0624 0.0700 0.0172 0.0178 0.0102 0.0053 0.0015 0.0008 0.0011 269 -1.2784
270 0.7 160 2.704 1.193 0.557 1.216 0.131 0.083 0.0289 0.0195 0.0733 0.0445 0.0082 0.0150 0.0057 0.0011 0.0029 0.0010 270 -1.2176
271 0.2 80 2.560 1.753 0.517 0.889 0.044 0.017 0.0079 0.0089 0.0050 0.0060 0.0004 0.0003 0.0006 0.0003 0.0001 0.0001 271 -1.2083
272 0.2 100 2.539 1.653 0.494 0.867 0.024 0.013 0.0057 0.0033 0.0003 0.0010 0.0004 0.0001 0.0001 0.0001 0.0000 0.0000 272 -0.6600
273 0.2 120 2.410 1.656 0.488 0.867 0.024 0.016 0.0078 0.0020 0.0005 0.0005 0.0002 0.0002 0.0002 0.0004 0.0000 0.0000 273 -0.6022
ilwm||pPii 2,740 4,541 0.467: 0-,849 0,027 0318 00095 0,0051 0,0005 0,0012 0,0003 ooooi 0,0001 0,0003 OOGOf 0,0000 ¡111$ 11143,6903
275 0.2 160 2.899 1.534 0.461 0.855 0.050 0.099 0.1020 0.0173 0.0009 0.0013 0.0930 0.0005 0.0002 0.1029 0.0003 0.0001 275 -0.5023
276 0.3 80 2.441 1.268 0.401 0.677 0.121 0.036 0.0209 0.0981 0.0199 0.0185 0.0036 0.0006 0.0020 0.0028 0.0002 0.0003 276 -1.1769
277 0.3 100 2.640 1.179 0.390 0.657 0.026 0.020 0.0097 0.0021 0.0010 0.0009 0.0004 0.0001 0.0002 0.0003 0.0001 0.0000 277 -0.5155
278 0.3 120 2.693 1.046 0.365 0.633 0.081 0.036 0.0245 0.0197 0.0064 0.0042 0.0026 0.0005 0.0004 0.0040 0.0002 0.0001 278 -1.0247
279 0.3 140 2.875 0.963 0.332 0.642 0.049 0.035 0.0159 0.0218 0.0024 0.0021 0.0006 0.0003 0.0007 0.0007 0.0002 0.0002 279 -0.5607
280 0.3 160 2.894 0.888 0.317 0.621 0.048 0.043 0.0172 0.0071 0.0024 0.0031 0.0015 0.0011 0.0012 0.0013 0.0003 0.0003 280 -0.4330
281 0.4 80 2.449 1.870 0.598 0.935 0.175 0.052 0.0231 0.2228 0.0132 0.0088 0.0168 0.0008 0.0016 0.0044 0.0003 0.0002 281 -1.1737
282 0.4 100 2.580 1.453 0.500 0.860 0.163 0.049 0.0277 0.3000 0.0431 0.0112 0.0174 0.0031 0.0017 0.0070 0.0009 0.0003 282 -1.2032
283 0.4 120 2.683 1.172 0.435 0.812 0.150 0.050 0.0247 0.0935 0.1006 0.0141 0.0069 0.0068 0.0028 0.0034 0.0010 0.0004 283 -1.4282
284 0.4 140 2.739 1.045 0.411 0.788 0.153 0.053 0.0243 0.0841 0.0958 0.0234 0.0082 0.0067 0.0032 0.0025 0.0023 0.0005 284 -1.5375
285 0.4 160 2.816 0.968 0.389 0.773 0.158 0.052 0.0198 0.1001 0.1300 0.0418 0.0103 0.0064 0.0030 0.0015 0.0010 0.0007 285 -1.5589
286 0.5 80 2.004 1.949 0.674 1.104 0.068 0.037 0.0158 0.0338 0.0089 0.0034 0.0043 0.0013 0.0005 0.0008 0.0002 0.0001 286 -1.3426
287 0.5 100 2.376 1.778 0.635 1.078 0.074 0.045 0.0212 0.0238 0.0093 0.0030 0.0042 0.0014 0.0009 0.0011 0.0004 0.0001 287 -0.8379
I I I Ï8 8 mmmm I l i » 4.466 l i i i f it i i li 0,073 0,0352 02898 0143$ 00581 0,0239 0,0098 0,0062 0,0063 0.0026 00009 i l l * H i t  ,8171
289 0.5 140 2.725 1.189 0.503 0.979 0.239 0.077 0.0345 0.1656 0.2345 0.0539 0.0171 0.0114 0.0126 0.0042 0.0037 0.0016 289 -1.6675
290 0.5 160 2.805 1.097 0.477 0.962 0.263 0.085 0.0395 0.2183 0.2693 0.1122 0.0149 0.0203 0.0113 0.0065 0.0037 0.0017 290 -1.6635
291 0.6 80 2.098 1.852 0.717 1.253 0.089 0.051 0.0239 0.0472 0.0173 0.0102 0.0081 0.0023 0.0011 0.0027 0.0004 0.0002 291 -1.4047
292 0.6 100 2.441 1.660 0.669 1.225 0.105 0.070 0.0316 0.0500 0.0265 0.0050 0.0100 0.0036 0.0012 0.0021 0.0007 0.0002 292 -0.8005
293 0.6 120 2.573 1.487 0.633 1.196 0.138 0.066 0.0265 0.1144 0.0803 0.0227 0.0176 0.0091 0.0060 0.0037 0.0009 0.0008 293 -1.2564
294 0.6 140 2.654 1.425 0.633 1.185 0.144 0.071 0.0281 0.0664 0.0756 0.0262 0.0122 0.0053 0.0033 0.0020 0.0017 0.0005 294 -1.2316
1 1 » mmmm wmmilM Am 1,14$ 0.27$ i l l l l l ni:mm ■ 1 1 iiiliig ûmr Ü Ü 0023$ ...m m mmm® Oû&àmm ■ M U
296 0.7 80 2.164 1.761 0.787 1.388 0.116 0.063 0.0306 0.0669 0.0221 0.0415 0.0122 0.0037 0.0052 0.0025 0.0011 0.0009 296 -1.6257
297 0.7 100 2.519 1.631 0.730 1.385 0.135 0.079 0.0424 0.0690 0.0546 0.0235 0.0124 0.0063 0.0024 0.0022 0.0009 0.0003 297 -1.0881
298 0.7 120 2.598 1.493 0.699 1.350 0.143 0.090 0.0384 0.0677 0.0442 0.0237 0.0137 0.0097 0.0029 0.0044 0.0010 0.0005 298 -1.1436
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Md Zd dV PJC ^d dV PJC Xd dV PJC Zd dV PUS Ad dV PUS Xd dV pus zd d v m Ad dVlst I on
I No Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
StdFx S td F y Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH Fz No 1st AR Fx
1 299 0.7 140 2.666 1.376 0.685 1.347 0.134 0.092 0.0340 0.0552 0.0532 0.0249 0.0160 0.0080 0.0067 0.0038 0.0019 0.0008 299 -1.1258
1 300 0.7 160 2.728 1.297 0.663 1.331 0.147 0.096 0.0342 0.0093 0.0729 0.0921 0.0032 0.0124 0.0052 0.0018 0.0016 0.0013 300 -1.1614
239
No Is tA R F y 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
C W  A  
mm‘
299 0.1188 0.0089 -0.2435 -0.5782 -0.1746 -0.5928 -0.1697 -0.2374 0.4679 5.322
300| 0.1664 -0.0005 -0.2136 -0.6116 -0.1685 -0.4915 -0.2657 -0.2425 0.4705 5.324
240
Input Data Features to Neural Network for the Second Experiment
No DOC Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy 1 st AR Fy
1 1 0.1 100 2.440 0.148 0.118 0.308 0.006 0.008 0.010 1.63E-04 2.08E-05 2.77E-05 3.62E-05 5.20E-05 4.36E-05 4.18E-04 5.49E-05 -0.093
2 1 0.1 120 2.460 0.093 0.083 0.181 0.005 0.008 0.008 3.51 E-05 1.15E-05 1.65 E-05 5.75E-05 3.51 E-05 4.08E-05 7.59E-05 1.06E-04 -0.205
3 1 0.1 140 2.650 0.108 0.090 0.196 0.005 0.009 0.009 3.15E-05 1.82 E-05 2.99 E-05 3.06E-05 5.27 E-05 3.82E-05 9.65 E-05 7.85E-05 -0.244
4 1 0.1 160 2.680 0.114 0.091 0.173 0.005 0.009 0.010 2.37E-05 1.73E-05 3.05 E-05 4.02E-05 2.26E-05 3.25E-05 1.01 E-04 9.77E-05 -0.077
5 1 0.3 100 2.500 0.237 0.226 0.547 0.014 0.024 0.017 1.33E-03 1.70E-04 1.01 E-04 1.14E-03 2.63E-04 1.86 E-04 5.64E-04 1.73 E-04 -0.289
6 1 0.3 120 2.640 0.199 0.197 0.471 0.020 0.030 0.026 3.23E-03 1.96E-04 2.19E-04 2.86E-03 9.91 E-04 9.75E-04 2.22E-03 5.48 E-04 -0.331
7 1 0.3 140 2.710 0.200 0.203 0.473 0.011 0.047 0.033 2.42E-05 5.49E-05 2.66E-05 1.89 E-04 2.29 E-04 3.15E-04 2.11 E-04 3.49E-04 -0.488
8 1 0.3 160 2.810 0.196 0.218 0.501 0.028 0.061 0.041 3.10E-03 1.42E-03 7.10E-04 1.99E-03 9.01 E-04 9.04E-04 2.31 E-03 1.12E-03 -0.585
9 1 0.5 100 2.590 0.211 0.265 0.767 0.016 0.032 0.024 7.83E-04 2.05E-04 8.81 E-05 1.49E-03 2.55E-04 3.67 E-04 1.16E-03 3.81 E-04 -0.205
10 1 0.5 120 2.680 0.189 0.241 0.728 0.011 0.027 0.023 2.78E-04 2.08E-04 1.17E-04 6.57 E-04 3.86 E-04 3.35E-04 7.84E-04 5.66 E-04 -0.400
11 1 0.5 140 2.710 0.176 0.233 0.714 0.017 0.041 0.032 6.04E-04 3.72E-04 1.94E-04 3.08E-03 3.82E-03 8.27E-04 2.73E-03 1.72E-03 -0.139
12 1 0.5 160 2.730 0.167 0.224 0.708 0.015 0.052 0.048 2.89E-04 2.92E-04 3.39E-04 1.54E-03 7.87E-03 8.02E-03 2.26E-03 7.36E-03 -0.196
13 1 0.7 100 2.580 0.201 0.319 1.050 0.016 0.033 0.031 4.05E-04 2.16E-04 1.54E-04 2.02E-03 8.68E-04 7.92E-04 1.87 E-03 5.51 E-04 -0.296
14 1 0.7 120 2.660 0.194 0.308 1.040 0.017 0.038 0.033 6.90E-04 3.12E-04 1.99 E-04 2.59E-03 1.33E-03 5.18E-04 2.41 E-03 1.56E-03 -0.207
15 1 0.7 140 2.680 0.180 0.294 1.010 0.019 0.037 0.035 7.53E-04 4.62E-04 3.56E-04 2.93E-03 1.06E-03 1.55E-03 3.83 E-03 8.34E-04 -0.186
16 1 0.7 160 2.720 0.169 0.282 1.000 0.021 0.042 0.041 7.28E-04 7.81 E-04 3.65E-04 3.78E-03 3.88E-03 8.33 E-04 3.29E-03 2.80E-03 -0.246
17 1 0.1 100 2.740 0.149 0.123 0.322 0.014 0.015 0.017 1.85E-03 2.11E-04 1.07E-04 6.35 E-04 1.05 E-04 7.48E-05 1.57E-03 2.23E-04 -0.441
18 1 0.1 120 2.750 0.118 0.087 0.254 0.007 0.014 0.014 3.38E-05 6.07 E-05 3.99E-05 6.86E-05 6.67 E-05 9.14E-05 1.87E-04 3.07E-04 -0.386
19 1 0.1 140 2.810 0.122 0.093 0.265 0.009 0.015 0.025 1.47E-04 1.33 E-04 4.70E-05 2.66E-04 2.08E-04 6.76E-05 2.56E-03 1.85 E-03 -0.430
20 1 0.1 160 2.930 0.121 0.095 0.259 0.009 0.022 0.028 6.36E-05 5.11 E-05 4.23E-05 6.68 E-05 7.68E-05 5.88 E-05 1.05 E-03 1.21 E-03 -0.203
21 1 0.3 100 2.620 0.274 0.248 0.663 0.022 0.022 0.022 2.42E-03 1.05E-03 5.07E-04 8.32E-04 2.61 E-04 3.46 E-04 1.99 E-03 4.30 E-04 -0.098
22 1 0.3 120 2.720 0.246 0.226 0.621 0.021 0.027 0.029 1.76E-03 1.18E-03 2.81 E-04 1.16E-03 4.82E-04 9.48E-04 2.10E-03 8.65 E-04 -0.340
É IÍ3 Í l i l i 0,3 m m mm m. 0,220 i. 0,208 0554 0,023 i 0.031 0029 u m m Í/Í3&03 í.59E4>4 l i l i i i s i  mmmm 4. S1Sh04 1.398-03 l l l l ü l ü H&.413
24 1 0.3 160 2.790 0.209 0.197 0.586 0.026 0.039 0.034 5.92E-04 2.84E-03 9.48E-04 6.06 E-04 1.63E-03 9.22E-04 7.79E-04 2.02E-03 -0.466
25 1 0.5 100 2.680 0.316 0.341 0.998 0.013 0.027 0.025 1.83E-04 1.68 E-04 1.80E-04 8.45E-04 3.40 E-04 2.03E-04 9.36E-04 6.07E-04 -0.373
26 1 0.5 120 2.720 0.303 0.320 0.978 0.014 0.031 0.028 2.07E-04 3.13E-04 2.12E-04 8.39E-04 5.37 E-04 3.08E-04 6.27 E-04 3.31 E-04 -0.491
27 1 0.5 140 2.760 0.281 0.304 0.954 0.018 0.032 0.028 4.19E-04 8.04E-04 3.48E-04 9.86E-04 2.59E-03 9.51 E-04 8.11 E-04 9.32E-04 -0.280
28 1 0.5 160 2.750 0.269 0.290 0.932 0.021 0.053 0.048 4.65E-04 1.16E-03 5.88E-04 1.03E-02 7.43E-03 2.12E-03 7.17E-03 6.55E-03 -0.424
29 1 0.7 100 2.620 0.302 0.386 1.280 0.018 0.041 0.035 9.10E-04 4.86E-04 1.86E-04 5.19E-03 1.15E-03 6.21 E-04 4.55E-03 8.07E-04 -0.375
30 1 0.7 120 2.680 0.296 0.365 1.280 0.018 0.041 0.037 5.05E-04 5.62E-04 3.36E-04 4.47E-03 3.16E-03 5.79E-04 2.20E-03 1.79E-03 -0.329
mmlili 0,7 1 1$ ) 2l7 í C ü ü g i 0,352 « I » 0020 H i H m m m m ?,34£+04 H P mmmm ....&22E+03 1,S7Eh03c 4 íQ4Eh03 i i i i i i i i i iíiü íh
32 1 0.7 160 2.710 0.285 0.361 1.250 0.025 0.047 0.040 2.58E-04 1.64E-03 6.29E-04 2.73E-03 7.56E-03 1.65E-03 1.18E-03 3.75E-03 -0.228
33 1 0.1 100 2.940 0.144 0.120 0.327 0.011 0.015 0.018 7.47E-04 1.14E-04 8.22E-05 1.74E-04 1.44E-04 1.24E-04 7.85E-04 3.38E-04 -0.206
34 1 0.1 120 2.880 0.137 0.101 0.278 0.011 0.019 0.022 7.29E-04 7.90E-05 3.59E-05 2.36 E-04 2.19E-04 1.02 E-04 1.03E-03 8.12E-04 -0.472
239
No 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
CW  A 
mm"
Ra
(xm
1 -0.463 -0.075 -0.637 -0.287 -0.319 -0.265 -0.416 0.866 16.212 1.300
2 -0.340 -0.097 -0.522 -0.379 -0.367 -0.183 -0.450 1.730 31.451 1.460
3 -0.330 0.016 -0.614 -0.399 -0.361 -0.173 -0.466 2.590 45.755 1.630
4 -0.392 -0.005 -0.623 -0.370 -0.440 -0.168 -0.391 3.440 59.160 1.790
5 -0.289 -0.071 -0.625 -0.302 -0.352 -0.234 -0.414 4.280 71.704 2.580
6 -0.118 -0.431 -0.384 -0.178 -0.571 -0.027 -0.401 5.110 83.423 2.600
7 -0.478 0.069 -0.448 -0.610 -0.113 -0.219 -0.667 5.930 94.352 2.620
8 0.025 0.251 -0.825 -0.418 -0.116 -0.596 -0.286 6.740 104.526 2.630
9 -0.348 0.040 -0.569 -0.468 -0.321 -0.167 -0.512 7.530 113.979 5.190
10 -0.254 -0.043 -0.749 -0.206 -0.411 -0.201 -0.388 8.310 122.745 5.300
11 -0.267 -0.313 -0.621 -0.059 -0.502 -0.211 -0.287 9.070 130.857 5.410
12 -0.223 -0.722 -0.349 0.095 -0.983 0.257 -0.272 9.820 138.346 5.520
13 -0.487 -0.031 -0.576 -0.390 -0.228 -0.254 -0.518 10.500 145.244 11.730
14 -0.377 -0.093 -0.422 -0.483 -0.328 -0.155 -0.517 11.200 151.583 11.590
15 -0.430 -0.273 -0.543 -0.179 -0.445 -0.194 -0.361 11.900 157.391 11.460
16 -0.408 -0.376 -0.527 -0.091 -0.568 -0.071 -0.361 12.600 162.700 11.330
17 -0.120 -0.138 -0.571 -0.288 -0.346 -0.279 -0.374 13.200 167.537 2.630
18 -0.348 0.007 -0.638 -0.362 -0.388 -0.291 -0.319 13.900 171.932 2.620
19 -0.446 0.047 -0.655 -0.387 -0.553 -0.242 -0.203 14.500 175.911 2.620
20 -0.638 0.079 -0.212 -0.863 -0.211 -0.051 -0.737 15.100 179.501 2.610
21 0.013 -0.207 -0.526 -0.264 -0.449 -0.092 -0.459 15.600 182.730 3.060
22 -0.018 -0.310 -0.578 -0.107 -0.479 -0.177 -0.343 16.200 185.621 3.200
' 23 -0.037 ■ •0.286 .......+01QO -03-79 -0,239 +9,382 i l i i i l 3.340
24 -0.159 -0.084 -0.617 -0.289 -0.240 -0.351 -0.408 17.200 190.495 3.480
25 -0.370 0.011 -0.677 -0.333 -0.288 -0.318 -0.393 17.700 192.524 6.080
26 -0.248 0.026 -0.666 -0.358 -0.159 -0.387 -0.454 18.100 194.313 6.180
27 -0.224 -0.309 -0.552 -0.135 -0.403 -0.164 -0.434 18.600 195.883 6.280
28 -0.240 -0.598 -0.558 0.166 -0.595 -0.235 -0.169 19.000 197.257 6.390
29 -0.327 -0.060 -0.591 -0.348 -0.319 -0.253 -0.427 19.400 198.456 12.380
30 -0.390 -0.168 -0.537 -0.291 -0.379 -0.147 -0.473 19.800 199.500 12.630
¡ i l l -0.306 43.306 +0,552 +£H3? ........+0421 0,229 i i H i H 12.890
32 -0.269 -0.479 -0.523 0.008 -0.539 -0.146 -0.314 20.600 201.200 13.150
33 -0.284 -0.116 -0.435 -0.445 -0.277 -0.227 -0.495 21.000 201.894 3.680
34 -0.397 0.071 -0.686 -0.378 -0.343 -0.333 -0.322 21.300 202.508 3.710
I________
¡¡ j  Reserved data for testing
DOC Depth of Cut
S p ed Spectrum density in lower
frequency ~> 0-300HZ
SpecM Spectrum density in middle
frequency ~> 300-600HZ
SpecH Spectrum density in high
frequency ~> 600-1000Hz
nm AR the nm AR coefficient
CW  A Crater Wear Area
FW Flank Wear VB
Ra Surface Roughness
240
No DOC Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy 1st AR Fy
35 1 0.1 140 2.910 0.143 0.106 0.282 0.038 0.070 0.176 1.15E-02 7.30 E-04 9.74E-05 3.89E-02 1.84E-03 1.15E-04 2.40E-01 7.00E-03 -0.255
36 1 0.1 160 2.930 0.143 0.122 0.288 0.026 0.048 0.153 5.53E-03 1.36E-04 7.95E-05 1.98E-02 3.29E-04 1.21 E-04 2.18E-01 2.43E-03 -0.414
37 1 0.3 100 2.740 0.282 0.260 0.659 0.019 0.027 0.022 1.18E-03 4.05E-04 9.30E-05 1.02E-03 2.89E-04 2.20E-04 8.01 E-04 3.11 E-04 -0.380
38 V 0.3 120 2.700 0.220 0.216 0.584 0.044 0.053 0.080 6.11E-04 5.49E-03 8.82 E-04 6.90E-04 2.75E-03 6.12E-04 8.83 E-04 1.94E-03 -0.790
39 1 0.3 140 2.750 0.198 0.199 0.561 0.046 0.053 0.067 4.27E-04 9.66E-03 7.65E-04 5.86 E-04 4.04E-03 1.09E-03 9.76E-04 1.81 E-03 -0.728
40 1 0.3 160 2.810 0.184 0.189 0.542 0.045 0.055 0.048 3.79E-04 8.57E-03 5.04E-03 1.09E-03 1.99E-03 2.07E-03 1.06E-03 2.43E-03 -0.510
41 1 0.5 100 2.680 0.360 0.368 1.000 0.017 0.036 0.029 7.87E-04 6.39E-04 2.48E-04 1.78E-03 1.12E-03 4.10E-04 2.19E-03 8.13E-04 -0.471
fflM p i l i s i s mmi l ü ï i 0.341 i l i » 0975 m m 0,038 ■ 1 2,37£-$4 ■ i 4.18E-04 1,731:433 S,04£-04 4,86E*04 9.34E-04:
43 1 0.5 140 2.750 0.315 0.328 0.949 0.021 0.037 0.034 1.59E-04 1.71E-03 6.01 E-04 4.54E-04 2.64E-03 2.58E-03 7.98E-04 1.01 E-03 -0.354
44 1 0.5 160 2.760 0.299 0.319 0.935 0.030 0.053 0.040 4.51 E-04 6.23E-03 4.44E-04 7.98E-03 1.17E-02 1.45E-03 4.63E-03 3.27E-03 -0.297
45 1 0.7 100 2.660 0.333 0.417 1.280 0.019 0.039 0.032 6.60E-04 4.49E-04 2.34E-04 4.86E-03 1.60 E-03 5.21 E-04 1.81 E-03 1.07E-03 -0.389
46 1 0.7 120 2.690 0.323 0.385 1.260 0.024 0.043 0.035 1.82E-04 2.25E-03 5.60 E-04 5.36E-04 5.62E-03 2.03E-03 5.52E-04 1.59E-03 -0.146
47 1 0.7 140 2.750 0.305 0.370 1.240 0.029 0.051 0.046 2.35E-04 3.57E-03 7.24E-04 6.83E-04 4.94E-03 2.39E-03 9.52E-04 7.58 E-03 -0.236
48 1 0.7 160 2.790 0.297 0.356 1.240 0.031 0.054 0.046 2.99E-04 2.06E-03 3.17E-03 2.68E-03 4.70E-03 4.46 E-03 1.74E-03 3.59 E-03 -0.107
49 1 0.1 100 2.810 0.169 0.097 0.530 0.007 0.016 0.016 1.40E-04 6.63E-05 5.82E-05 1.03E-04 1.23E-04 1.09E-04 6.06E-04 3.13E-04 -0.402
50 1 0.1 120 2.770 0.118 0.098 0.334 0.008 0.017 0.019 5.26E-05 7.62E-05 5.60E-05 1.92 E-04 1.73E-04 8.88E-05 3.13E-04 3.23E-04 -0.361
51 1 0.1 140 2.790 0.118 0.100 0.347 0.008 0.015 0.023 7.69E-05 4.44E-05 3.18E-05 2.16E-04 9.43E-05 1.11 E-04 9.22E-04 9.44E-04 -0.323
52 1 0.1 160 2.800 0.111 0.100 0.339 0.010 0.016 0.031 2.83 E-04 9.66E-05 4.77E-05 5.08 E-04 1.97E-04 1.09E-04 3.92E-03 2.00E-03 -0.316
53 1 0.3 100 2.640 0.306 0.259 0.724 0.034 0.037 0.029 1.90E-03 6.91 E-03 2.51 E-04 7.95E-04 5.74E-03 4.25E-04 9.38E-04 2.96E-03 -0.110
54 1 0.3 120 2.720 0.231 0.212 0.663 0.040 0.042 0.031 2.52E-04 1.29E-02 1.59 E-03 5.33E-04 8.72E-03 1.06E-03 5.34E-04 3.74E-03 0.317
55 1 0.3 140 2.760 0.200 0.196 0.630 0.035 0.040 0.038 1.66E-04 7.88E-03 2.50E-03 4.16E-04 3.23 E-03 1.72E-03 5.93 E-04 2.94E-03 -0.014
56 1 0.3 160 2.750 0.207 0.202 0.628 0.031 0.052 0.041 2.46E-03 1.36E-03 6.10E-03 1 43E-03 6.96 E-04 1.22E-03 1.55E-03 8.37 E-04 -0.413
l i l i 1 û$ i l i t wmmi l i i l l WÊÊM Í.080 i l l l l i i l ü l Ö 032 S.54E434 ¡ ■ H 3 27Ë-04 ZUE&i ' 1 65£4>3 ...4 57E434 2GÔÇ-03....wmm l i i i i m
58 1 0.5 120 2.680 0.340 0.370 1.030 0.019 0.033 0.025 1.16E-04 1.64E-03 6.70E-04 3.59E-04 2.46E-03 1.20E-03 4.10E-04 7.32E-04 -0.160
59 1 0.5 140 2.690 0.313 0.352 0.999 0.023 0.038 0.030 9.99E-05 3.29 E-03 4.63E-04 3.13E-04 3.83E-03 1.02 E-03 4.46E-04 1.55E-03 -0.129
60 1 0.5 160 2.730 0.290 0.335 0.976 0.034 0.049 0.038 4.57E-04 1.10E-03 7.35E-03 3.68E-03 3.42E-03 8.60E-03 2.18E-03 2.58 E-03 0.316
61 1 0.7 100 2.660 0.328 0.424 1.310 0.021 0.036 0.029 3.12E-04 1.02E-03 3.74E-04 5.40 E-04 2.17E-03 1.14E-03 6.19E-04 1.52E-03 -0.443mm mm 0.7 11» 2650 I 0313 0.412 3,280 &023 0,044 aosn 1,20£“04 2,93E-03 Ï,1G£-Q3 7 4 SE-0 4 6,05E433 4,47£hD3 ?,71E-Q4I 1.74E-Ö3 ilii»
63 1 0.7 140 2.760 0.295 0.384 1.250 0.016 0.029 0.027 1.46E-04 2.94E-04 1.48E-04 3.33E-04 4.66E-04 3.32E-04 6.34E-04 9.95 E-04 -0.263
64 1 0.7 160 2.780 0.280 0.368 1.240 0.021 0.045 0.032 5.03E-04 5.45E-04 3.25E-04 9.56E-04 9.57 E-03 2.72E-03 1.19E-03 2.86E-03 0.008
65 1.5 0.1 100 2.500 0.253 0.168 0.536 0.007 0.010 0.010 7.95E-05 3.26E-05 6.36E-05 4.64E-05 6.74E-05 6.99E-05 2.31 E-04 4.20E-05 -0.138
66 1.5 0.1 120 2.680 0.163 0.107 0.316 0.006 0.013 0.011 3.14E-05 2.70E-05 3.39E-05 8.74E-05 7.76E-05 5.57E-05 1.39E-04 7.41 E-05 -0.247mm ! l i l i l i m m im m 1 1 1 i l i » i m i t i l i i i i l l l ■ ■ wmmmm m m I B m m 7Æ SS-ÛS wmmm
68 1.5 0.1 160 2.750 0.186 0.116 0.292 0.006 0.010 0.012 2.68E-05 2.38E-05 4.75E-05 2.97E-05 4.78E-05 4.25E-05 1.38E-04 1.35E-04 -0.132
69 1.5 0.3 100 2.760 0.388 0.284 0.846 0.017 0.020 0.021 1.01 E-04 3.01 E-04 2.63E-04 3.06 E-04 2.08E-04 1.59 E-04 2.22E-03 2.64E-04 0.447
70 1.5 0.3 120 2.770 0.344 0.259 0.778 0.027 0.033 0.030 1.36E-03 1.77E-04 2.80 E-04 8.46E-04 3.86E-04 6.84E-04 1.90E-03 1.22 E-03 0.134
71 1.5 0.3 140 2.780 0.307 0.235 0.600 0.034 0.046 0.042 9.07E-03 1.63 E-03 1.58E-03 6.70E-03 2.89E-03 1.95 E-03 6.58 E-03 1.80E-03 -0.329
72 1.5 0.3 160 2.800 0.298 0.236 0.597 0.025 0.058 0.054 1.37E-03 3.64E-04 4.81 E-04 1.62 E-03 8.24E-04 1.22E-03 4.87E-03 3.42 E-03 -0.241
241
1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
C W A
mm‘
Ra
H.m
35 0.345 -0.952 -0.546 0.536 -1.440 0.170 0.300 21.700 203.060 3.750
36 0.085 -0.684 -0.573 0.271 -1.260 -0.106 0.383 22.000 203.565 3.790
37 -0.089 -0.053 -0.614 -0.331 -0.225 -0.363 -0.412 22.400 204.039 4.190
38 -0.144 0.174 -0.761 -0.403 0.472 -0.802 -0.669 22.700 204.497 4.390
39 0.041 -0.063 -0.667 -0.253 0.257 -0.726 -0.529 23.000 204.955 4.580
40 0.191 -0.063 -0.622 -0.291 -0.197 -0.436 -0.364 23.400 205.426 4.780
41 -0.143 -0.013 -0.698 -0.288 -0.286 -0.291 -0.423 23.700 205.922 5.660
H P *0,308 0,058 *8.562 -0.494 "D147 *0,360 *0 5-2-3 24.100 m&m 5710
43 -0.174 -0.368 -0.528 -0.099 -0.349 -0.275 -0.376 24.500 207.044 5.750
44 0.056 -0.611 -0.372 -0.010 -0.470 -0.313 -0.217 24.900 207.691 5.800
45 -0.179 -0.207 -0.497 -0.293 -0.333 -0.238 -0.429 25.300 208.411 13.910
46 -0.215 -0.407 -0.405 -0.184 -0.459 -0.164 -0.376 25.700 209.213 14.020
47 -0.105 -0.495 -0.429 -0.068 -0.520 -0.210 -0.269 26.100 210.106 14.140
48 -0.099 -0.401 -0.537 -0.052 -0.540 -0.156 -0.303 26.600 211.100 14.260
49 -0.303 -0.007 -0.689 -0.298 -0.291 -0.330 -0.378 27.100 212.202 3.780
50 -0.267 -0.028 -0.465 -0.500 -0.332 -0.282 -0.385 27.600 213.419 4.030
51 -0.430 -0.041 -0.551 -0.402 -0.539 -0.139 -0.321 28.200 214.758 4.280
52 -0.433 -0.065 -0.546 -0.384 -0.690 -0.068 -0.240 28.800 216.225 4.530
53 0.105 -0.474 -0.450 -0.070 -0.536 -0.154 -0.310 29.500 217.825 4.850
54 0.052 -0.690 -0.249 -0.047 -0.682 0.017 -0.334 30.200 219.563 4.880
55 0.094 -0.354 -0.442 -0.188 -0.493 -0.138 -0.368 30.900 221.444 4.920
56 0.109 0.134 -0.700 -0.421 -0.213 -0.366 -0.420 31.700 223.470 4.950
H Ü -001$ 1.......l i i H i iiiüin -o im ........ -0087 mmm !  ü l
58 -0.162 -0.268 -0.557 -0.173 -0.405 -0.261 -0.334 33.600 227.968 6.800
59 -0.047 -0.406 -0.557 -0.032 -0.556 -0.067 -0.377 34.600 230.443 6.890
60 -0.091 -0.776 -0.179 -0.036 -0.741 0.008 -0.267 35.600 233.072 6.980
61 -0.150 -0.270 -0.570 -0.157 -0.545 -0.011 -0.444 36.800 235.852 15.050
62 *0,080 *0,668 -0 409 -0.019 -0620 *0,047 *0.332 33000 238 735 1111118
63 -0.348 -0.139 -0.567 -0.294 -0.404 -0.206 -0.389 39.400 241.868 15.370
64 -0.404 -0.650 -0.442 0.099 -0.474 -0.268 -0.257 40.800 245.100 15.530
65 -0.309 -0.176 -0.585 -0.238 -0.350 -0.248 -0.402 0.843 30.517 1.970
66 -0.399 -0.013 -0.642 -0.342 -0.404 -0.193 -0.403 1.690 58.779 2.040
i l i 0 008 .....mm -0 4$î 11110* ~<Xí44 ......... mmmmmm lililí
68 -0.386 0.043 -0.657 -0.384 -0.448 -0.064 -0.487 3.360 109.004 2.190
69 -0.569 -0.062 -0.492 -0.444 -0.390 -0.208 -0.402 4.190 131.195 2.730
70 -0.569 -0.236 -0.507 -0.254 -0.621 -0.066 -0.313 5.020 151.583 2.800
71 -0.098 -0.239 -0.538 -0.212 -0.518 -0.073 -0.406 5.830 170.275 2.870
72 -0.360 -0.293 -0.331 -0.352 -0.628 0.152 -0.522 6.630 187.374 2.930
242
No DOC Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy 1st AR Fy
73 1.5 0.5 100 2.440 0.489 0.325 1.270 0.032 0.040 0.032 8.19E-03 1.10E-03 4.24E-04 6.27E-03 8.75E-04 6.20E-04 3.39E-03 6.45E-04 -0.050
74 1.5 0.5 120 2.530 0.463 0.302 1.230 0.025 0.045 0.040 4.15E-03 7.40E-04 5.71 E-04 3.79E-03 1.05 E-03 8.25E-04 6.85E-03 7.30E-04 -0.255
75 1.5 0.5 140 2.660 0.442 0.293 1.220 0.022 0.042 0.039 1.69E-03 6.07 E-04 4.18E-04 1.86E-03 1.62E-03 2.94E-03 5.46E-03 9.89E-04 -0.257
76 1.5 0.5 160 2.750 0.290 0.283 0.988 0.024 0.047 0.035 2.90E-03 1.68 E-03 4.09E-04 5.99 E-03 4.17E-03 1.35E-03 2.37E-03 2.51 E-03 -0.151
77 1.5 0.7 100 2.550 0.521 0.408 1.440 0.030 0.064 0.071 2.86E-03 5.49 E-04 4.93 E-04 6.48E-03 2.22E-03 1.81 E-03 1.72E-02 1.60E-03 -0.327
78 1.5 0.7 120 2.730 0.329 0.375 1.460 0.035 0.058 0.044 4.22E-03 3.09 E-03 2.43E-03 8.14E-03 4.09E-03 1.80E-03 4.88E-03 1.99E-03 -0.150
79 1.5 0.7 140 2.740 0.309 0.358 1.430 0.038 0.062 0.052 3.45E-03 5.29 E-03 2.25E-03 5.70E-03 3.78E-03 2.20 E-03 4.13 E-03 2.71 E-03 0.042
80 1.5 0.7 160 2.780 0.298 0.353 1.440 0.042 0.059 0.044 5.55E-04 6.80E-03 8.18E-03 1.73E-03 8.19E-03 4.24E-03 1.23 E-03 4.17E-03 0.098
81 1.5 0.1 100 2.740 0.155 0.107 0.374 0.007 0.011 0.012 1.82E-04 2.90E-05 5.91 E-05 9.23E-05 4.66E-05 7.30 E-05 3.08E-04 7.55 E-05 -0.098
82 1.5 0.1 120 2.760 0.189 0.127 0.412 0.007 0.013 0.013 5.05E-05 3.58 E-05 5.95E-05 8.43E-05 5.29E-05 4.05E-05 1.73E-04 1.18E-04 -0.250
83 1.5 0.1 140 2.830 0.190 0.128 0.413 0.007 0.014 0.015 3.57E-05 3.96 E-05 4.40 E-05 1.12E-04 1.02E-04 6.45E-05 2.79E-04 1.48E-04 -0.176
84 1.5 0.1 160 2.890 0.187 0.125 0.413 0.007 0.013 0.018 3.61 E-05 3.22E-05 3.61 E-05 8.81 E-05 1.14E-04 7.67E-05 4.62E-04 4.01 E-04 -0.297
mm mm aâ¡É1li ili mm wmm ...tm ""#m IIS ""&Ö32ÜSÜ wmm wmm mmmm mmmm mmmm mmmm im m m
86 1.5 0.3 120 2.830 0.340 0.255 0.932 0.029 0.027 0.030 4.34E-03 1.58E-03 6.00E-04 1.88E-03 1.04E-03 6.00 E-04 3.23E-03 4.67E-04 0.052
87 1.5 0.3 140 2.870 0.306 0.238 0.904 0.029 0.032 0.027 4.25E-03 1.15E-03 6.60 E-04 1.86E-03 5.44E-04 4.80E-04 2.20E-03 4.73E-04 -0.095
88 1.5 0.3 160 2.890 0.276 0.220 0.878 0.030 0.039 0.031 2.74E-03 3.46 E-03 7.09E-04 2.77E-03 2.01 E-03 9.35E-04 1.47E-03 1.38E-03 -0.194
89 1.5 0.5 100 2.750 0.525 0.431 1.050 0.023 0.036 0.029 1.97E-03 1.29E-03 2.12E-04 2.70E-03 9.07E-04 3.76E-04 2.02E-03 5.09 E-04 -0.606
90 1.5 0.5 120 2.780 0.599 0.442 1.460 0.012 0.030 0.028 1.72E-04 1.84E-04 1.72E-04 3.12E-04 7.74E-04 6.90E-04 1.15E-03 5.04E-04 -0.212
91 1.5 0.5 140 2.920 0.557 0.421 1.410 0.027 0.046 0.036 6.25E-04 6.76E-04 2.49E-04 1.19E-03 1.92E-03 9.64E-04 1.66E-03 7.73E-04 -0.311
92 1.5 0.5 160 2.850 0.527 0.410 1.400 0.019 0.048 0.038 4.44E-04 2.64E-04 2.46E-04 6.93 E-04 1.01 E-03 1.27E-03 1.06E-03 9.10E-04 -0.372
mm ill 0 7 PI wmm &SÖ?...O ë Û Ç i  Î 7 4 0 m m SIS m m 4 m m mmmmmmmm wmm m sm m mmm m m sm • i mm
94 1.5 0.7 120 2.790 0.487 0.481 1.770 0.040 0.064 0.050 4.21 E-03 3.66 E-03 3.91 E-03 7.21 E-03 3.87E-03 2.42E-03 3.98E-03 2.80E-03 -0.273
95 1.5 0.7 140 2.800 0.469 0.467 1.760 0.041 0.056 0.045 1.20E-03 8.61 E-03 3.04E-03 2.03E-03 8.38E-03 1.88E-03 1.38 E-03 4.00E-03 -0.085
96 1.5 0.7 160 2.860 0.449 0.457 1.750 0.047 0.063 0.052 3.53E-04 1.18E-02 4.39E-03 1.17E-03 7.94E-03 5.48E-03 1.04E-03 4.09E-03 0.052
97 1.5 0.1 100 2.740 0.224 0.118 0.318 0.006 0.013 0.013 4.35 E-05 1.41 E-05 2.41 E-05 1.44E-04 8.09E-05 7.40E-05 1.44E-04 8.09E-05 -0.323
98 1.5 0.1 120 2.860 0.281 0.127 0.327 0.007 0.016 0.016 3.67E-05 3.20 E-05 4.55E-05 1.14E-04 1.35 E-04 9.72E-05 1.14E-04 1.35E-04 -0.294
mm 1.5 Ò.1 il!! l i  930 ||i 0 128 0 328 0 007 liill 0Ó17 4m m liHÜl mmm Ili mm " i m m " S61&Ö5 1 16E-Ö4m m m mmmm
100 1.5 0.1 160 2.950 0.295 0.139 0.339 0.054 0.071 0.071 1.41E-04 2.61 E-02 5.12E-04 2.05E-04 4.35E-02 1.35E-03 2.05E-04 4.35E-02 0.212
101 1.5 0.3 100 2.820 0.530 0.313 0.686 0.033 0.032 0.032 7.16E-03 1.73E-03 1.21 E-03 4.77E-03 1.23E-03 8.80E-04 6.65E-03 4.63E-04 -0.066
102 1.5 0 .3 mm 2890 • 0.484 0,281 0,637 0,012 0 025 0,021 2 09E-04 2 65E434 ÍJ8E -04 1 33E-Ö3 4,0t>E“04 3,55£4)4 9,69E-04 4  12E434
103 1.5 0.3 140 2.880 0.460 0.267 0.617 0.041 0.041 0.034 7.58E-03 4.81 E-03 2.22E-03 4.69E-03 1.83E-03 1.04E-03 3.09E-03 1.34E-03 -0.188
104 1.5 0.3 160 2.860 0.442 0.255 0.600 0.037 0.043 0.037 1.73E-03 8.23E-03 1.71 E-03 1.52 E-03 4.13E-03 1.49E-03 1.97E-03 4.11 E-03 -0.243
105 1.5 0.5 100 2.830 0.743 0.504 1.330 0.026 0.043 0.034 2.22E-03 1.70E-03 3.84E-04 3.30E-03 1.45E-03 7.31 E-04 2.38E-03 1.06 E-03 -0.365
106 1.5 0.5 120 2.820 0.624 0.422 1.230 0.077 0.065 0.052 4.68E-03 3.68 E-02 9.05 E-03 2.73E-03 1.90E-02 4.34E-03 3.72E-03 8.90E-03 0.323
107 1.5 0.5 140 2.830 0.570 0.389 1.170 0.077 0.066 0.055 3.65 E-03 3.81 E-02 1.01 E-02 2.57E-03 1.76E-02 8.73E-03 2.13E-03 1.22 E-02 0.304
108 1.5 0.5 160 2.940 0.528 0.362 1.140 0.084 0.068 0.053 1.07 E-03 6.15E-02 5.99E-03 9.16E-04 3.03E-02 4.42 E-03 9.17E-04 9.18E-03 0.309
109 1.5 0.7 100 2.830 0.701 0.552 1.760 0.042 0.065 0.045 4.88E-03 5.88E-03 1.34E-03 7.20E-03 6.54E-03 2.03E-03 1.96E-03 1.89 E-03 -0.237
110 1.5 0.7 120 2.830 0.660 0.525 1.740 0.040 0.063 0.051 1.10E-03 9.68 E-03 1.60E-03 1.79E-03 7.20E-03 5.42E-03 1.05E-03 3.86E-03 -0.291
243
No 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
C W A
mm'
Ra
|4.m
73 -0.181 -0.131 -0.552 -0.314 -0.275 -0.306 -0.419 7.430 202.979 7.790
74 -0.205 -0.026 -0.459 -0.511 -0.221 -0.223 -0.556 8.200 217.186 7.860
75 -0.123 -0.366 -0.407 -0.219 -0.433 -0.208 -0.358 8.970 230.090 7.930
76 -0.070 -0.332 -0.607 -0.053 -0.550 -0.278 -0.171 9.720 241.781 8.010
77 -0.417 0.004 -0.546 -0.453 -0.356 -0.122 -0.522 10.400 252.347 15.350
78 0.023 -0.217 -0.644 -0.133 -0.404 -0.254 -0.341 11.200 261.872 15.760
79 -0.139 -0.274 -0.264 -0.454 -0.444 -0.029 -0.527 11.900 270.437 16.170
80 -0.071 -0.474 -0.443 -0.074 -0.660 -0.085 -0.256 12.500 278.121 16.580
81 -0.395 -0.037 -0.619 -0.342 -0.359 -0.200 -0.440 13.200 285.000 3.000
82 -0.322 0.033 -0.563 -0.467 -0.275 -0.301 -0.425 13.800 291.146 3.170
83 -0.361 0.018 -0.605 -0.410 -0.321 -0.217 -0.462 14.500 296.627 3.340
84 -0.263 -0.089 -0.585 -0.324 -0.423 -0.330 -0.246 15.100 301.511 3.510
I P i l l « » -Û.417 Am Am IlSÉÉÉi ....ÜIÜ A m mmm mmm i l l i l
86 -0.004 -0.375 -0.394 -0.229 -0.580 -0.122 -0.298 16.200 309.737 4.370
87 -0.016 -0.282 -0.429 -0.284 -0.379 -0.229 -0.392 16.800 313.196 4.500
88 0.023 -0.198 -0.575 -0.219 -0.393 -0.260 -0.346 17.300 316.292 4.640
89 0.107 -0.016 -0.609 -0.375 -0.248 -0.289 -0.463 17.800 319.077 8.330
90 -0.349 -0.043 -0.464 -0.492 -0.170 -0.337 -0.493 18.300 321.598 8.600
91 -0.031 -0.150 -0.609 -0.238 -0.182 -0.463 -0.355 18.800 323.900 8.870
92 -0.225 -0.031 -0.527 -0.438 -0.176 -0.349 -0.475 19.200 326.026 9.140
I S Am -ÖÖ68 "0,44$ -Ö 48311 1 1 1 9 » inmm mmm mmm
94 0.086 -0.208 -0.674 -0.113 -0.359 -0.336 -0.304 20.100 329.902 19.580
95 0.016 -0.320 -0.422 -0.254 -0.389 -0.223 -0.388 20.500 331.720 21.100
96 -0.022 -0.435 -0.486 -0.072 -0.557 -0.140 -0.303 20.900 333.500 22.630
97 -0.421 0.018 -0.692 -0.323 0.017 -0.693 -0.324 21.300 335.268 3.660
98 -0.362 0.091 -0.718 -0.370 0.090 -0.719 -0.371 21.700 337.047 3.930
I I P : -0  370 :: 0 Ä ........-9706 ........ 0,097 -0  707 -0300 £ H l i l i l í
100 0.226 -1.160 -0.247 0.466 -1.200 -0.221 0.430 22.400 340.722 4.470
101 -0.154 -0.430 -0.415 -0.151 -0.540 -0.050 -0.409 22.800 342.649 5.500
102 •-0.259 -0,239 “9497 -0,261 -0454 ' ¿Oil 10 -0436 2320G 344653 :5.676
103 0.196 -0.334 -0.469 -0.193 -0.467 -0.150 -0.382 23.500 346.742 5.830
104 0.119 -0.216 -0.627 -0.149 -0.458 -0.265 -0.275 23.900 348.922 6.000
105 -0.145 -0.039 -0.582 -0.377 -0.347 -0.112 -0.541 24.300 351.196 10.050
106 0.049 -0.629 -0.344 -0.020 -0.759 0.063 -0.304 24.600 353.562 10.310
107 0.034 -0.730 -0.279 0.020 -0.862 0.084 -0.221 25.000 356.018 10.570
108 0.089 -0.705 -0.470 0.191 -0.798 -0.011 -0.191 25.400 358.556 10.830
109 -0.059 -0.223 -0.385 -0.388 -0.327 -0.104 -0.569 25.800 361.168 27.000
110 -0.006 -0.391 -0.534 -0.070 -0.503 -0.102 -0.395 26.300 363.840 27.750
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No DOC Feed
mm/rev
Vel
m/min
A Erms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy 1st AR Fy
111 1.5 0.7 140 2.870 0.449 0.518 1.720 0.054 0.072 0.055 6.33E-04 1.54E-02 4.33E-03 1.22E-03 1.19E-02 9.01 E-03 1.43 E-03 5.15E-03 -0.194
112 1.5 0.7 160 2.950 0.421 0.497 1.710 0.048 0.066 0.056 7.57E-04 1.48E-02 3.67 E-03 1.22E-03 7.79E-03 6.81 E-03 1.22E-03 6.42E-03 -0.174
113 1.5 0.1 100 2.780 0.238 0.139 0.378 0.007 0.013 0.012 4.41 E-05 8.99 E-05 7.20 E-05 8.65E-05 9.62E-05 1.62E-04 1.57E-04 1.59E-04 -0.382
114 1.5 0.1 120 2.880 0.455 0.138 0.386 0.008 0.019 0.023 8.95E-05 1.13E-04 4.27E-05 2.41 E-04 1.81 E-04 9.10E-05 1.49E-03 1.09 E-03 -0.307
115 1.5 0.1 140 2.870 0.452 0.139 0.400 0.041 0.067 0.222 1.43E-02 1.09E-04 1.27E-04 3.77E-02 2.02E-04 1.26E-04 4.47E-01 2.50E-03 -0.386
116 1.5 0.1 160 2.880 0.451 0.137 0.386 0.050 0.078 0.246 6.46E-04 2.10E-02 2.21 E-04 1.34E-03 5.03E-02 1.58E-04 1.63E-02 5.17E-01 -0.044
117 1.5 0.3 100 2.840 0.613 0.307 0.966 0.012 0.021 0.021 2.77E-04 2.72E-04 2.06E-04 4.23 E-04 4.11 E-04 2.68E-04 4.21 E-04 4.14E-04 -0.088
118 1.5 0.3 120 2.870 0.591 0.294 0.922 0.018 0.025 0.022 4.44E-04 1.58E-03 1.83 E-04 4.90E-04 6.04E-04 2.93E-04 6.00E-04 8.06 E-04 -0.438
119 1.5 0.3 140 2.890 0.561 0.286 0.892 0.022 0.032 0.029 1.26E-03 3.01 E-03 6.77E-04 2.05E-03 1.02E-03 5.37E-04 1.50E-03 1.51 E-03 -0.472
120 1.5 0.3 160 2.910 0.540 0.269 0.871 0.016 0.028 0.029 1.10E-04 4.98E-04 2.79E-04 1.89 E-04 1.65E-04 2.07E-04 8.11 E-04 8.50E-04 -0.443
121 1.5 0.5 100 2.770 0.724 0.472 1.510 0.095 0.076 0.064 4.60E-02 2.97E-02 3.29 E-03 2.55E-02 9.69E-03 2.64E-03 1.37E-02 9.25E-03 0.425
122 1.5 0.5 120 2.810 0.667 0.430 1.470 0.088 0.068 0.061 2.21 E-02 4.40E-02 1.26 E-02 1.46 E-02 1.78 E-02 4.09E-03 1.14E-02 1.47E-02 0.563
123 1.5 0.5 140 2.820 0.640 0.409 1.440 0.081 0.075 0.065 6.37E-03 2.91 E-02 2.29E-02 2.71 E-03 1.00E-02 1.66E-02 3.32E-03 1.45E-02 0.471
124 1.5 0.5 160 2.870 0.593 0.386 1.390 0.080 0.073 0.066 9.17E-03 3.65E-02 1.10E-02 8.41 E-03 1.47E-02 8.00 E-03 7.85E-03 1.26 E-02 0.186
125 1.5 0.7 100 2.730 0.820 0.598 2.100 0.047 0.076 0.058 7.71 E-03 4.37E-03 3.28E-03 1.43E-02 6.21 E-03 3.42 E-03 7.68E-03 2.11 E-03 -0.050mm 1,5 0.7 i * 1K 0-773 0-627 2-040 0-070 1 Ü Ü mm ?,42£433 2-79E-02 4,84E*Q3 8.72E-03 5,69£-03 8,23E*Q3 1.42E-02 ■ H
127 1.5 0.7 140 2.840 0.766 0.591 2.080 0.091 0.092 0.076 2.02E-02 4.75E-02 1.98E-02 1.31 E-02 1.80E-02 1.45E-02 1.20E-02 1.35E-02 0.256
128 1.5 0.7 160 2.850 0.749 0.592 2.100 0.098 0.094 0.077 6.55 E-03 5.65E-02 2.88E-02 5.87E-03 1.87E-02 2.21 E-02 7.83E-03 1.66 E-02 0.321
129 2 0.1 100 2.570 0.519 0.217 0.496 0.009 0.014 0.014 2.18E-04 3.53 E-05 5.93E-05 1.34E-04 6.66 E-05 7.06E-05 7.22E-04 1.28E-04 -0.069
130 2 0.1 120 2.660 0.433 0.183 0.354 0.008 0.015 0.013 7.23 E-05 4.55 E-05 4.30E-05 7.55E-05 9.03E-05 4.21 E-05 1.00E-04 1.53 E-04 -0.242
131 2 0.1 140 2.950 0.429 0.189 0.370 0.009 0.015 0.016 7.46E-05 5.68E-05 6.77 E-05 8.81 E-05 6.22E-05 5.50E-05 2.17E-04 1.89 E-04 -0.390
132 2 0.1 160 2.940 0.413 0.174 0.335 0.009 0.014 0.016 3.52E-05 4.60E-05 4.63E-05 3.82E-05 7.98E-05 4.33E-05 2.60E-04 2.64E-04 -0.291
133 2 0.3 100 2.780 0.721 0.381 1.150 0.022 0.054 0.043 3.28E-04 1.84E-04 1.94E-04 3.01 E-04 2.40E-04 4.79E-04 3.01 E-03 4.28E-04 -0.680
134 2 0.3 120 2.820 0.690 0.367 1.100 0.020 0.046 0.045 2.58E-04 2.32E-04 2.55E-04 9.24E-04 5.23E-04 8.57E-04 2.87E-03 1.06E-03 -0.276
135 2 0.3 140 2.770 0.635 0.341 1.060 0.022 0.045 0.029 4.17 E-03 2.30E-04 1.42E-04 1.15E-03 7.31 E-04 3.32E-04 6.89E-04 5.02 E-04 -0.476
I I P m 0 3 £ ü 2780 0 605 0 320 1 020 002?! 0-050 0-033 4 70E-03 2 73E-04 2 65E-04 203E-03 2,11 E-04 3 04E-O4 1 m E-03 S78E-04 “0.408!
137 2 0.5 100 2.690 0.680 0.412 1.660 0.034 0.040 0.041 8.77E-03 1.16E-03 4.69E-04 7.56E-03 7.37E-04 1.35E-03 1.01 E-02 8.19E-04 -0.143
138 2 0.5 120 2.710 0.673 0.397 1.670 0.031 0.043 0.042 4.75E-03 9.43E-04 1.03E-03 5.36E-03 8.34E-04 8.36E-04 8.29 E-03 7.60E-04 -0.285
139 2 0.5 140 2.770 0.642 0.383 1.640 0.024 0.043 0.043 2.91 E-03 7.05E-04 4.29 E-04 3.67E-03 1.23E-03 1.08E-03 9.09E-03 1.80E-03 -0.259
140 2 0.5 160 2.790 0.622 0.368 1.620 0.029 0.051 0.046 4.21 E-03 1.43E-03 8.92E-04 4.02E-03 2.28E-03 2.09E-03 7.22E-03 2.74E-03 -0.283
141 2 0.7 100 2.620 0.696 0.480 2.300 0.037 0.058 0.054 7.79E-03 1.59 E-03 6.24E-04 1.19E-02 1.11 E-03 9.63E-04 1.33E-02 2.25E-03 -0.161
142 2 0.7 120 2.700 0.677 0.460 2.290 0.040 0.062 0.055 5.29 E-03 5.68E-03 1.15E-03 1.02E-02 4.21 E-03 2.18E-03 1.12E-02 3.73E-03 -0.277
143 2 0.7 140 2.750 0.654 0.447 2.270 0.043 0.065 0.057 7.07E-03 4.37E-03 2.68E-03 8.86 E-03 4.91 E-03 1.68E-03 8.73E-03 4.22E-03 -0.138
144 2 0.7 160 2.820 0.641 0.442 2.260 0.051 0.073 0.065 8.71 E-03 6.18E-03 2.54E-03 8.52E-03 5.53 E-03 5.94E-03 7.71 E-03 5.04E-03 -0.204
145 2 0.1 100 2.500 0.672 0.166 0.559 0.007 0.011 0.011 6.66 E-05 3.34E-05 7.38E-05 1.18E-04 4.69E-05 7.14E-05 9.40E-05 7.83E-05 -0.128
146 2 0.1 120 2.650 0.419 0.149 0.335 0.006 0.012 0.013 3.40E-05 2.82E-05 3.15E-05 8.21 E-05 5.32E-05 5.57E-05 1.60E-04 8.41 E-05 -0.258
147 2 0.1 140 2.740 0.417 0.146 0.339 0.007 0.012 0.014 3.38E-05 3.29 E-05 3.85E-05 7.96E-05 6.75E-05 6.37 E-05 1.50 E-04 2.52E-04 -0.330
148 2 0.1 160 2.790 0.409 0.144 0.324 0.007 0.012 0.017 3.08 E-05 6.64E-05 5.94E-05 3.26E-05 1.77E-04 7.26 E-05 1.52 E-04 9.95 E-04 -0.332
245
No 1 st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
C W A
mm"
Ra
^m
111 0.016 -0.472 -0.349 -0.171 -0.491 -0.200 -0.309 26.700 366.557 28.500
112 0.094 -0.452 -0.394 -0.146 -0.549 -0.101 -0.350 27.200 369.300 29.250
113 -0.258 -0.014 -0.642 -0.342 -0.402 -0.169 -0.429 27.700 372.047 5.250
114 -0.316 0.115 -0.690 -0.423 -0.414 -0.240 -0.345 28.200 374.774 4.910
115 0.446 -0.795 -0.727 0.548 -1.520 0.253 0.287 28.800 377.453 4.570
116 0.363 -1.050 -0.527 0.624 -1.870 0.962 -0.055 29.400 380.053 4.230
117 -0.418 -0.113 -0.635 -0.251 -0.375 -0.077 -0.548 30.100 382.539 9.670
118 -0.077 -0.083 -0.668 -0.246 -0.342 -0.325 -0.333 30.700 384.876 10.370
119 -0.009 -0.043 -0.719 -0.235 -0.400 -0.196 -0.403 31.500 387.023 11.070
120 -0.271 0.160 -0.778 -0.380 -0.348 -0.280 -0.372 32.300 388.937 11.780
121 0.022 -0.874 0.036 -0.156 -0.918 0.311 -0.393 33.100 390.572 25.800
122 -0.040 -0.708 -0.335 0.051 -0.887 0.044 -0.157 34.000 391.878 25.840
123 -0.064 -0.778 -0.266 0.060 -0.874 0.093 -0.218 35.000 392.805 25.880
124 0.076 -0.537 -0.408 -0.042 -0.694 -0.073 -0.233 36.000 393.297 25.910
125 -0.333 -0.290 -0.235 -0.472 -0.452 0.083 -0.631 37.200 393.295 35.300
mm “0.564 0479 * 1 1 ¡ l i ï § 8 $ 35030
127 0.036 -0.392 -0.467 -0.134 -0.536 -0.239 -0.225 39.600 391.562 34.770
128 -0.025 -0.424 -0.516 -0.050 -0.502 -0.349 -0.149 41.000 389.700 34.500
129 -0.429 -0.071 -0.612 -0.316 -0.433 -0.115 -0.453 1.160 35.860 2.160
130 -0.434 0.102 -0.737 -0.364 -0.372 -0.144 -0.483 2.270 69.195 2.170
131 -0.380 0.086 -0.735 -0.350 -0.404 -0.145 -0.451 3.340 100.129 2.190
132 -0.372 0.049 -0.678 -0.369 -0.525 0.006 -0.480 4.370 128.783 2.200
133 -0.459 0.423 -0.849 -0.573 0.047 -0.522 -0.525 5.360 155.276 3.420
134 -0.361 -0.102 -0.425 -0.469 -0.377 0.019 -0.642 6.310 179.723 3.460
135 -0.301 0.119 -0.745 -0.371 -0.195 -0.328 -0.477 7.220 202.236 3.500
mm -0,288 0,226 “0801 -0 421 -0170 -0 440 “0390 l i ;  mm mmim 3.540
137 -0.095 -0.231 -0.620 -0.147 -0.396 -0.451 -0.153 8.930 241.895 8.630
138 0.004 -0.144 -0.623 -0.231 -0.388 -0.264 -0.349 9.740 259.251 8.780
139 -0.154 -0.189 -0.586 -0.222 -0.433 -0.306 -0.261 10.500 275.093 8.930
140 -0.146 -0.187 -0.559 -0.249 -0.451 -0.209 -0.340 11.200 289.519 9.080
141 -0.282 -0.031 -0.551 -0.416 -0.378 -0.199 -0.422 12.000 302.623 16.250
142 -0.033 -0.144 -0.602 -0.250 -0.402 -0.352 -0.246 12.600 314.495 16.600
143 -0.102 -0.069 -0.496 -0.431 -0.279 -0.292 -0.429 13.300 325.226 16.960
144 -0.013 -0.338 -0.516 -0.136 -0.466 -0.219 -0.315 13.900 334.900 17.310
145 -0.356 -0.126 -0.412 -0.461 -0.254 -0.274 -0.472 14.500 343.600 3.390
146 -0.374 -0.010 -0.501 -0.487 -0.307 -0.191 -0.502 15.100 351.405 3.510
147 -0.349 0.059 -0.623 -0.435 -0.362 -0.152 -0.486 15.600 358.393 3.640
148 -0.298 -0.059 -0.562 -0.378 -0.646 -0.084 -0.269 16.100 364.636 3.770
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No 1DOC Feed
mm/rev
Vel 1 AErms 1 Fx 
m/minl V 1 kN
Fy 1 Fz IS td F x l 
kN I kN
Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy 1 st AR Fy |
S i 111 ' 0.3 mm mmm 0-J67? 0.337 mmm I l i * SBÜmmm I l i l Ü i im m m m m m m m ' &7SÇ434 wmmmi ....440S403 m mm m
150 2 0.3 120 2.780 0.806 0.302 0.962 0.042 0.036 0.044 1.09E-02 2.54E-03 1.19E-03 4.47E-03 1.21 E-03 1.39E-03 1.52E-02 1.76E-03 -0.094
151 2 0.3 140 2.850 0.759 0.281 0.916 0.046 0.041 0.046 1.40E-02 2.54E-03 1.14E-03 4.31 E-03 7.92E-04 1.56E-03 1.09 E-02 2.04E-03 -0.045
152 2 0.3 160 2.840 0.717 0.261 0.879 0.048 0.047 0.046 1.09E-02 4.36E-03 3.10E-03 3.68E-03 1.50E-03 1.43E-03 8.46E-03 3.07E-03 -0.118
153 2 0.5 100 2.640 0.935 0.432 1.660 0.075 0.056 0.075 4.65E-02 3.10E-03 2.77 E-03 1.86E-02 1.19E-03 1.99E-03 4.72E-02 1.76E-03 -0.138
154 2 0.5 120 2.720 0.883 0.407 1.600 0.060 0.050 0.051 2.43E-02 7.79E-03 1.97E-03 1.26E-02 3.35 E-03 1.12E-03 1.80 E-02 1.20 E-03 0.115
155 2 0.5 140 2.730 0.813 0.370 1.530 0.057 0.055 0.043 7.16E-03 1.60E-02 4.07E-03 7.21 E-03 8.45E-03 2.91 E-03 4.16E-03 4.35 E-03 0.120
156 2 0.5 160 2.780 0.771 0.359 1.500 0.074 0.070 0.057 5.88E-03 2.79E-02 5.47E-03 3.67E-03 1.53 E-02 6.34E-03 2.33 E-03 8.71 E-03 0.305
¡ i l M 07 mm ¡1 mm WM .0514 1 S Ü1 S P mmm■ M 7,ÔS£-0S ' xm M mmmm ■.m m m â$7£-û3 wmÊmm 1 74Ê4S i m  w
158 2 0.7 120 2.720 0.916 0.509 2.230 0.065 0.074 0.061 1.44E-02 9.51 E-03 2.58E-03 1.50E-02 6.24E-03 5.31 E-03 8.50E-03 5.65E-03 0.058
i l ! : 0.7 mm mmm i f l » : 0804 .....I M 1 1 « I I S c-m H H ' 272&Q2 H M I i l  m m m 6ÔQ&0& tm m i m m mmmm
160 2 0.7 160 2.820 0.853 0.484 2.160 0.074 0.107 0.076 1.34E-03 2.98E-02 8.62E-03 4.67E-03 2.36E-02 1.73E-02 3.59E-03 8.38E-03 0.018
161 2 0.1 100 2.680 0.613 0.150 0.515 0.008 0.013 0.016 3.64E-04 8.13E-05 6.18E-05 1.20E-04 6.27 E-05 6.71 E-05 9.12E-04 1.01 E-04 -0.223
mm mm 0 ,t mm 1 1 2 » 0,577 0143 0,323 30GS 0S15 aoi5 l i i P i s S 46E-05 5Æ8E-05; 1.45E4J4 1,35£434 1Æ9E-04 3Æ9E-04 3.12E4M I£ iifig S §
163 2 0.1 140 2.860 0.579 0.141 0.339 0.033 0.074 0.143 9.23Ë-03 1.19E-04 7.90E-05 4.70E-02 1.82E-04 9.05 E-05 1.77É-01 7.11 E-04 -0.337
164 2 0.1 160 2.890 0.565 0.127 0.479 0.007 0.011 0.017 3.66E-05 6.09E-05 5.68 E-05 8.60 E-05 6.82E-05 6.52E-05 4.27E-04 6.09 E-04 -0.375
165 2 0.3 100 2.870 0.864 0.371 1.120 0.059 0.048 0.065 2.20E-02 4.17 E-03 1.52E-03 1.14E-02 1.40 E-03 1.08E-03 1.94E-02 1.16E-03 0.241
166 2 0.3 120 2.920 0.827 0.355 1.080 0.067 0.053 0.053 2.88E-02 2.89 E-03 3.82 E-03 1.49 E-02 1.39E-03 2.70E-03 1.00E-02 1.27 E-03 0.246
167 2 0.3 140 2.910 0.777 0.329 1.040 0.062 0.049 0.041 2.77E-02 8.19E-03 1.95E-03 1.14E-02 2.00E-03 2.43E-03 4.94E-03 2.90E-03 0.184
168 2 0.3 160 2.900 0.743 0.316 1.010 0.063 0.048 0.043 9.80E-03 1.63 E-02 5.70E-03 4.01 E-03 4.95E-03 1.55E-03 2.86E-03 3.78E-03 0.048
169 2 0.5 100 2.780 0.946 0.500 1.790 0.084 0.063 0.069 3.82E-02 2.36E-02 4.13E-03 2.12E-02 9.84E-03 2.44E-03 2.74E-02 1.10E-02 0.277
170 2 0.5 120 2.880 0.945 0.500 1.810 0.081 0.062 0.057 2.88E-02 2.22E-02 2.81 E-03 1.00E-02 6.64E-03 2.28E-03 1.04E-02 3.81 E-03 0.223
171 2 0.5 140 2.930 0.906 0.479 1.780 0.075 0.063 0.059 2.40E-02 3.21 E-02 7.26E-03 1.30E-02 1.35E-02 3.59E-03 1.14E-02 8.08E-03 0.086
172 2 0.5 160 2.960 0.827 0.434 1.700 0.054 0.056 0.051 2.44E-03 4.12E-03 1.65 E-03 1.39E-03 2.43E-03 1.05E-03 1.48E-03 3.43E-03 -0.136
173 2 0.7 100 2.720 1.040 0.627 2.510 0.060 0.081 0.067 1.35E-02 1.21 E-02 2.53E-03 1.52E-02 9.40E-03 3.19E-03 1.37E-02 5.66 E-03 -0.018
174 2 0.7 120 2.830 1.000 0.618 2.480 0.072 0.092 0.071 1.51E-02 1.58E-02 6.09 E-03 1.89E-02 6.87E-03 9.40 E-03 7.32E-03 1.21 E-02 -0.003
175 2 0.7 140 2.970 0.954 0.589 2.430 0.077 0.090 0.077 1.04E-02 3.64E-02 2.33E-02 7.35E-03 2.56E-02 7.87E-03 5.54E-03 1.43E-02 -0.022
176 2 0.7 160 2.950 0.929 0.580 2.420 0.069 0.098 0.083 1.11 E-02 1.96E-02 1.69E-02 4.79E-03 1.53E-02 1.69E-02 5.78E-03 1.18E-02 -0.121
177 2 0.1 100 2.850 0.441 0.171 0.311 0.014 0.027 0.024 1.23E-04 1.59E-04 2.80E-04 4.37E-04 3.54E-04 3.52E-04 6.04E-04 4.34E-04 -0.177
178 2 0.1 120 2.950 0.394 0.148 0.501 0.009 0.021 0.020 7.42E-05 4.58E-05 1.30E-04 4.39E-04 1.34E-04 1.10E-04 3.61 E-04 1.80 E-04 -0.199
179 2 0.1 140 2.840 0.381 0.146 0.480 0.009 0.022 0.024 2.21 E-05 6.94E-05 7.51 E-05 1.74E-04 1.95E-04 2.62 E-04 4.84E-04 3.65E-04 -0.399
180 2 0.1 160 2.780 0.342 0.147 0.478 0.009 0.019 0.024 7.40E-05 8.90E-05 1.17E-04 2.91 E-04 2.10E-04 1.57E-04 1.14E-03 1.04E-03 -0.335
181 2 0.3 100 2.860 0.760 0.451 1.380 0.061 0.045 0.047 2.16E-02 6.24E-03 3.58E-03 7.88 E-03 2.55E-03 1.65E-03 7.71 E-03 1.68E-03 0.117
mm1112 : 0,3 mm 2880 0,737 : 0,440 4 350 3,092 0063 0066 4 27-E-G2 1 55E.432 | S B 1.65E4>2 : 407&-G3 2.S7&-03 ÎME-02 5.75E4Î3
183 2 0.3 140 2.980 0.691 0.417 1.300 0.083 0.061 0.051 4.45E-02 2.32E-02 4.27E-03 1.49E-02 5.14E-03 4.37E-03 1.00E-02 5.52E-03 0.238
184 2 0.3 160 2.960 0.666 0.408 1.280 0.089 0.067 0.060 2.14E-02 2.90E-02 1.04E-02 6.31 E-03 6.29E-03 6.89E-03 3.85E-03 8.51 E-03 0.360
185 2 0.5 100 2.880 0.929 0.665 2.070 0.092 0.064 0.086 6.17E-02 2.82E-02 7.31 E-03 2.08 E-02 8.42E-03 3.98E-03 6.24E-02 7.49 E-03 0.173
186 2 0.5 120 2.930 0.945 0.669 2.110 0.027 0.044 0.052 8.37E-04 1.03E-03 6.84E-04 1.49E-03 1.05 E-03 8.02E-04 7.41 E-03 2.61 E-03 -0.440
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N o 1 s t A R  F z 2 n d  A R  F x 2 n d  A R  F y 2 n d  A R  F z 3rd  A R  F x 3rd  A R  F y 3 rd  A R  F z F W
m m
C W  A  
m m '
R a
ixm
mm« « i l l S U l l l i l l l J I l l i ; ■ ■ l l l l l i i : ■ H ■ ■ i U H R ¡ Ü É É mmm
150 -0 .0 5 5 -0 .3 0 8 -0 .5 1 0 -0 .1 7 8 -0 .5 8 4 -0 .1 9 8 -0 .2 1 7 17.100 375.168 4.890
151 0.053 -0 .3 6 3 -0 .3 1 5 -0 .3 1 7 -0 .5 0 6 -0 .2 0 4 -0 .2 8 9 17.600 379.589 5.020
152 0.043 -0.211 -0 .4 6 0 -0 .3 2 0 -0 .4 1 8 -0.271 -0 .3 1 0 18.000 383.530 5.160
153 0.162 -0 .3 5 6 -0 .4 7 5 -0 .1 6 6 -0 .6 8 8 -0 .0 7 2 -0 .2 4 0 18.500 387.051 9.670
154 0.086 -0 .3 8 9 -0.401 -0 .2 0 7 -0 .5 3 0 -0 .1 1 5 -0 .3 5 5 18.900 390.205 9.890
155 0.075 -0 .4 8 6 -0 .4 7 4 -0 .0 3 4 -0 .5 9 9 -0 .1 6 3 -0 .2 3 8 19.300 3 93.047 10.100
156 -0 .0 1 0 -0 .6 2 3 -0 .2 4 8 -0 .1 1 8 -0 .6 8 7 -0.041 -0 .2 7 2 19.700 395.626 10.320
i s « « « « Ä i wmmm .....m m ■ ■ mmm i i ü i ü H i mmm
158 0.022 -0 .5 0 8 -0.401 -0 .0 8 3 -0 .5 7 5 -0.071 -0 .3 5 4 20.500 400.178 25.320
I l i I I 1 ! 1 ¡ 1 $ ¡ S H m®mm l i i i l l i i ...I i « m m m wmmm mmm mmm mmm
160 -0 .0 7 4 -0 .5 1 0 -0 .4 5 5 -0 .0 1 5 -0 .6 2 8 -0 .1 0 5 -0 .2 6 6 21.200 4 04.200 26.710
161 -0.331 -0.091 -0 .3 7 0 -0 .5 3 8 -0.111 -0 .3 4 7 -0 .5 4 2 21.600 406.105 3.970
l i e s M M -0491 43 5 2 % 43,18G 45,298 “0520 11 407,982 wmmm
163 0.166 -0 .7 5 0 -0.651 0 .416 -1 .1 1 0 -0 .2 5 0 0.371 22.300 409.860 4.010
164 -0 .3 6 4 -0.031 -0 .6 6 3 -0 .3 0 4 -0 .5 5 4 -0 .0 2 5 -0.421 22.700 411.766 4.040
165 0.025 -0 .5 2 4 -0 .3 7 2 -0.101 -0 .7 2 8 -0 .1 1 0 -0.161 23.000 413.722 5.440
166 0.073 -0 .6 9 7 -0 .2 1 8 -0 .0 8 0 -0 .6 6 8 -0 .0 8 4 -0 .2 4 8 23.400 415.748 5.460
167 0.111 -0 .4 7 4 -0 .4 5 3 -0 .0 6 6 -0 .5 2 8 -0 .1 4 0 -0 .3 3 2 23.800 417.861 5.480
168 0.118 -0 .4 3 9 -0 .5 4 2 -0.011 -0 .5 2 4 -0 .2 3 0 -0 .2 4 6 24.200 420.074 5.500
169 0.058 -0.581 -0 .4 2 3 0.008 -0 .7 9 5 0.072 -0 .2 7 8 24.600 422.400 16.480
170 0.079 -0 .5 4 4 -0 .3 0 4 -0 .1 4 7 -0 .5 7 5 -0.101 -0 .3 2 4 25.000 424.845 16.280
171 0.128 -0 .4 5 0 -0.460 -0.085 -0 .5 6 7 -0.202 -0.231 25.500 427.415 16.080
172 0.131 -0 .2 8 3 -0 .5 6 3 -0 .1 4 8 -0 .4 5 4 -0 .2 4 4 -0.301 25.900 430.111 15.880
173 -0 .0 5 6 -0 .1 6 0 -0 .4 1 5 -0 .4 2 4 -0 .3 2 7 -0.221 -0 .4 5 2 26.400 432.934 32.500
174 -0 .0 0 4 -0 .3 1 9 -0 .5 2 9 -0 .1 4 6 -0 .4 2 6 -0.341 -0 .2 3 3 26.900 435.878 32.870
175 -0.071 -0 .3 0 3 -0 .4 3 3 -0 .2 5 7 -0 .3 7 7 -0 .2 0 4 -0 .4 1 9 27.400 438.936 33.230
176 -0 .0 3 2 -0 .2 5 9 -0 .5 5 0 -0.181 -0 .3 1 0 -0 .3 3 6 -0 .3 5 3 27.900 442.100 33.600
177 -0 .4 1 2 -0.131 -0 .5 2 9 -0 .3 3 3 -0 .2 9 3 -0 .3 0 3 -0 .4 0 2 28.500 445.356 5.400
178 -0 .3 6 6 -0 .0 0 4 -0 .4 5 3 -0 .5 3 9 -0 .1 5 8 -0 .3 2 9 -0 .5 1 2 29.000 448.687 5.420
179 -0 .2 6 0 -0 .0 7 6 -0 .4 3 8 -0 .4 8 0 -0 .2 5 6 -0 .3 0 0 -0 .4 4 3 29.700 452.076 5.450
180 -0 .2 8 7 -0.081 -0 .523 -0.391 -0 .4 1 3 -0 .2 5 2 -0 .3 3 4 30.300 455.500 5.470
181 0.007 -0 .505 -0 .364 -0 .1 2 9 -0 .5 6 5 -0 .0 5 0 -0 .3 8 5 31.000 458.934 6.540
mm 0,077 -0 ,6 3 8 -0  237 -0,121 -0.744 . 0,055 “0  310 31.700 « l i S l 6.660
183 0.086 -0 .478 -0 .478 -0 .0 3 8 -0 .6 0 7 -0 .1 3 2 -0.261 32.500 465.719 6.790
184 0.020 -0 .436 -0 .500 -0 .0 5 5 -0.661 -0 .1 1 5 -0 .2 2 4 33.300 469.005 6.920
185 0.084 -0 .422 -0 .490 -0 .0 8 6 -0 .8 0 8 -0 .0 4 5 -0 .1 4 7 34.100 472.173 17.980
186 -0 .2 7 3 -0 .059 -0 .639 -0.301 -0 .5 8 2 -0 .1 0 6 -0 .3 1 2 35.000 475.182 18.070
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No DOC Feed
mm/rev
Vel
m/min
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy 1 st AR Fy
187 2 0.5 140 2.940 0.903 0.654 2.070 0.031 0.049 0.054 1.43E-03 1.09E-03 7.81 E-04 2.12E-03 1.30 E-03 2.22 E-03 5.76E-03 2.83 E-03 -0.378
188 2 0.5 160 3.010 0.841 0.635 2.030 0.048 0.066 0.065 1.02E-02 2.80E-03 1.97E-03 6.17E-03 4.43E-03 3.74E-03 8.91 E-03 4.22E-03 -0.372
mm S i ■ i l l 1 1 * 1 wmm ....ô :T$3 mm m m 1 1 1 ü w ü m m m M» ü M » m m M6Ê8Ê 7ÖO&03- mmmm
190 2 0.7 120 2.910 0.717 0.763 2.680 0.033 0.087 0.085 1.90E-03 8.85E-04 1.00E-03 1.14E-03 1.68E-03 3.02E-03 2.03E-03 2.72E-03 -0.213
191 2 0.7 140 2.940 0.679 0.754 2.640 0.039 0.120 0.092 2.32E-03 1.69E-03 1.86E-03 1.69E-03 2.54E-03 4.06E-03 2.16E-03 1.75E-03 -0.439
192 2 0.7 160 2.990 0.632 0.742 2.600 0.048 0.127 0.091 1.98E-03 2.07E-03 1.86E-03 1.46E-03 2.95E-03 2.85 E-03 3.38 E-03 3.76E-03 -0.326
193 2.5 0.1 100 2.610 1.140 0.250 0.332 0.015 0.019 0.019 3.63E-04 1.34E-04 3.88 E-04 2.89E-04 1.76 E-04 3.53E-04 3.88 E-04 1.63E-04 -0.205
194 2.5 0.1 120 2.890 0.508 0.215 0.725 0.010 0.021 0.023 9.57E-05 7.94E-05 7.51 E-05 2.02E-04 1.69 E-04 1.12E-04 1.28 E-03 3.74E-04 -0.367
195 2.5 0.1 140 2.890 0.525 0.227 0.748 0.014 0.040 0.038 6.13E-04 2.06E-04 1.39 E-04 2.32E-04 2.81 E-04 2.02E-04 1.73E-03 7.69E-04 -0.268
196 2.5 0.1 160 2.890 0.498 0.217 0.730 0.019 0.039 0.045 1.22E-03 3.60E-04 3.23 E-04 5.27E-04 1.98 E-04 2.36E-04 3.77E-03 1.73E-03 -0.140
197 2.5 0.3 100 2.760 0.788 0.388 1.660 0.056 0.042 0.052 3.39E-02 2.49E-03 9.87 E-04 1.01 E-02 1.21 E-03 9.49E-04 2.85 E-02 1.09E-03 -0.198
198 2.5 0.3 120 2.850 0.800 0.390 1.610 0.018 0.039 0.030 5.49E-04 2.30E-04 5.33 E-04 5.53E-04 7.88E-04 7.62E-04 1.16E-03 5.31 E-04 -0.398
199 2.5 0.3 140 2.830 0.745 0.371 1.590 0.028 0.052 0.039 1.62E-03 8.08E-04 6.63 E-04 1.84E-03 9.73E-04 1.12E-03 3.03 E-03 8.30E-04 -0.398
200 2.5 0.3 160 2.830 0.723 0.362 1.590 0.024 0.054 0.036 6.59E-04 4.61 E-04 4.76E-04 6.24E-04 7.54E-04 8.47E-04 1.55E-03 4.42E-04 -0.346
I S i l l i l l i i l l l i  m m m m .....0.430 .....1 » l i i ü wmm " l ö l M H 11m m m 1mmm wmmmm ..... .....2O2&02 1 | Ì Ì | $ 1 M l
202 2.5 0.5 120 2.740 0.791 0.434 2.280 0.031 0.045 0.044 5.57E-03 1.25E-03 5.51 E-04 5.64E-03 7.18E-04 1.02E-03 1.01 E-02 1.64E-03 -0.174
203 2.5 0.5 140 2.740 0.748 0.412 2.240 0.037 0.056 0.049 8.55E-03 1.32E-03 1.45E-03 5.69E-03 3.45E-03 4.66 E-03 9.30E-03 2.43E-03 -0.228
204 2.5 0.5 160 2.820 0.726 0.414 2.240 0.033 0.057 0.052 5.93E-03 2.15E-03 7.93E-04 9.72E-03 3.02E-03 3.14E-03 1.18E-02 2.85E-03 -0.177
I S i l l i i l i i i l l mmm i l  mm 1 0 434 ' QÖÖ? ' 0,056 l i i M i SSSfMtt Í  -33E-Ö3 9-10E4& mmm m .....1 ¡ i « .....m m m ......1 1 1 1 1 1 • ’ • i t  14S|
206 2.5 0.7 120 2.510 0.784 0.502 3.080 0.056 0.074 0.065 1.56E-02 4.51 E-03 2.91 E-03 1.17E-02 3.06E-03 3.33E-03 9.55E-03 3.22E-03 -0.109
mm mm 0.7 I l i o 2 590 Ö 747 i l i » i l i » Ó 064 0.084 I  mm i i l l l i l 1 01 E-02 2 98E-03 2Ó3E-02 5 99Ë-03 mmmm 8.48Ë-Ô3 613E-03 'Ö045
208 2.5 0.7 160 2.700 0.712 0.477 3.020 0.073 0.094 0.072 1.26E-03 1.86E-02 2.15E-02 3.73E-03 2.26E-02 1.52E-02 3.22E-03 1.48E-02 0.236
209 2.5 0.1 100 2.560 0.392 0.161 0.649 0.008 0.014 0.015 2.11E-04 6.60E-05 6.38E-05 8.62E-05 9.15E-05 1.03E-04 2.00E-04 9.83E-05 -0.275
210 2.5 0.1 120 2.820 0.481 0.202 0.655 0.008 0.016 0.016 6.23E-05 5.33E-05 4.08E-05 8.66E-05 1.08E-04 9.07E-05 2.45E-04 2.81 E-04 -0.292
211 2.5 0.1 140 2.830 0.500 0.250 0.765 0.063 0.100 0.270 3.85E-02 9.53E-05 4.69E-05 8.49E-02 2.97E-04 7.69E-05 6.61 E-01 1.50 E-03 -0.552
212 2.5 0.1 160 2.810 0.431 0.188 0.578 0.008 0.011 0.020 3.34E-05 5.69E-05 4.59E-05 6.61 E-05 9.18E-05 4.46E-05 5.41 E-04 1.15E-03 -0.487
213 2.5 0.3 100 2.690 0.689 0.369 1.410 0.051 0.036 0.036 1.76E-02 2.42 E-03 9.62E-04 6.79E-03 9.24E-04 7.76E-04 7.07E-03 1.07E-03 0.159
214 2.5 0.3 120 2.790 0.677 0.356 1.360 0.064 0.043 0.055 3.10E-02 5.53E-03 2.33E-03 9.46 E-03 1.67E-03 1.08E-03 2.02E-02 2.20E-03 0.053
215 2.5 0.3 140 2.810 0.631 0.333 1.320 0.062 0.048 0.065 2.76E-02 3.74E-03 2.69E-03 9.06E-03 1.29 E-03 1.98E-03 3.47 E-02 2.25E-03 0.046
216 2.5 0.3 160 2.930 0.615 0.319 1.320 0.092 0.115 0.313 2.29E-02 4.01 E-02 2.55E-03 5.07E-03 9.51 E-02 1.84E-03 4.14E-02 8.09E-01 -0.083
217 2.5 0.5 100 2.750 0.896 0.527 2.250 0.071 0.059 0.071 4.08E-02 4.46E-03 1.23E-03 1.56E-02 1.76E-03 1.41 E-03 4.49E-02 2.96 E-03 -0.165
218 2.5 0.5 120 2.770 0.863 0.518 2.200 0.100 0.078 0.082 6.95E-02 1.64E-02 3.47 E-03 3.29E-02 6.59E-03 2.17E-03 5.60E-02 5.46E-03 0.142
219 2.5 0.5 140 2.810 0.828 0.496 2.170 0.086 0.074 0.062 3.26E-02 1.09E-02 2.26E-03 1.21 E-02 3.16E-03 3.67E-03 1.57E-02 3.70E-03 -0.034
220 2.5 0.5 160 2.820 0.812 0.488 2.160 0.061 0.068 0.056 1.06E-02 7.56E-03 6.92E-03 3.83E-03 4.17E-03 3.23E-03 3.71 E-03 3.97 E-03 -0.254
221 2.5 0.7 100 2.650 1.170 0.647 3.150 0.041 0.065 0.057 5.05E-03 1.65E-03 5.04E-04 4.66E-03 1.75E-03 1.90E-03 1.21 E-02 2.30E-03 -0.102
222 2.5 0.7 120 2.770 1.100 0.621 3.060 0.069 0.084 0.071 2.91 E-02 1.87E-02 6.43E-03 3.66E-02 1.75E-02 3.64E-03 1.84E-02 1.09 E-02 -0.073
223 2.5 0.7 140 2.810 1.050 0.591 3.040 0.053 0.078 0.065 1.10E-02 4.30E-03 8.45E-04 1.33E-02 3.34E-03 2.73E-03 8.96E-03 3.73E-03 -0.318
1 Ä ¡ l i s ; 0.7 m m 5L83D £996 0,570 3,920 9,056 Ö0S4 9072 l ü l 2,91 £433 145E-Ö3 9 13E-03 7,57£433 5.71 E-03 5.47E-03:
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No 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
C W A
mm"
Ra
um
187 -0.164 -0.270 -0.597 -0.132 -0.681 0.011 -0.330 35.900 477.989 18.160
188 -0.183 -0.161 -0.661 -0.176 -0.569 -0.151 -0.280 36.900 480.550 18.250
Sii ,0-&1 -0030 -■0.,942l i l i * M M i 38,000 Ü Ü Ü i ■30640
190 -0.362 0.039 -0.580 -0.457 -0.249 -0.188 -0.563 39.100 484.731 39.820
191 -0.285 0.232 -0.710 -0.518 -0.045 -0.462 -0.493 40.200 486.245 40.000
192 -0.381 0.243 -0.796 -0.443 -0.050 -0.490 -0.460 41.400 487.300 40.180
193 -0.276 -0.222 -0.473 -0.304 -0.289 -0.215 -0.495 2.400 57.894 2.250
194 -0.332 0.094 -0.714 -0.377 -0.408 -0.190 -0.401 4.490 109.827 2.250
195 -0.371 -0.339 0.038 -0.692 -0.530 0.305 -0.775 6.290 156.264 2.260
196 -0.333 -0.351 0.061 -0.703 -0.531 0.264 -0.733 7.830 197.648 2.270
197 -0.080 -0.201 -0.598 -0.198 -0.490 -0.085 -0.425 9.140 234.405 4.060
198 -0.240 -0.059 -0.648 -0.290 -0.431 -0.134 -0.435 10.200 266.941 4.090
199 -0.221 0.089 -0.668 -0.418 -0.264 -0.228 -0.509 11.100 295.645 4.130
200 -0.297 0.147 -0.700 -0.443 -0.236 -0.296 -0.469 11.900 320.884 4.160
mm -0 0 S 0 -0 Í9 4 mm <-■0,474 4? 244 43283 il m m mmm 8 4 8 0
202 -0.132 -0.059 -0.558 -0.380 -0.293 -0.281 -0.426 12.900 362.350 8.610
203 -0.114 -0.294 -0.550 -0.151 -0.461 -0.248 -0.291 13.300 379.220 8.750
204 -0.168 -0.266 -0.523 -0.205 -0.453 -0.202 -0.345 13.600 393.912 8.890
mm 0Ì1 Ö̂. 129 l i l i l í ■ H i 0455 ......43182 ■ n 13,800 mmm 17,950
206 0.021 -0.215 -0.610 -0.168 -0.377 -0.364 -0.259 14.000 417.840 18.300
lili li:;..: -0.020 -0.49Ô -O 381 -0119 -0557 -0 213 -0230 I lllil 427,568 l i l i l í
208 -0.069 -0.517 -0.401 -0.068 -0.607 -0.264 -0.128 14.200 436.101 19.000
209 -0.347 -0.052 -0.408 -0.537 -0.113 -0.462 -0.425 14.300 443.639 2.320
210 -0.418 -0.063 -0.530 -0.405 -0.318 -0.225 -0.457 14.400 450.361 2.390
211 -0.138 -0.210 -0.699 -0.088 -0.740 -0.335 0.077 14.500 456.428 2.470
212 -0.376 -0.114 -0.592 -0.293 -0.776 -0.019 -0.205 14.700 461.982 2.550
213 0.043 -0.499 -0.385 -0.114 -0.631 -0.050 -0.319 14.900 467.147 5.240
214 0.149 -0.455 -0.425 -0.117 -0.758 -0.125 -0.116 15.200 472.026 5.380
215 0.123 -0.331 -0.540 -0.124 -0.748 -0.168 -0.083 15.500 476.705 5.530
216 0.330 -0.865 -0.590 0.492 -1.690 0.663 0.033 15.900 481.251 5.670
217 0.095 -0.222 -0.697 -0.078 -0.518 -0.243 -0.239 16.400 485.711 11.050
218 0.170 -0.646 -0.369 0.019 -0.810 -0.118 -0.073 16.900 490.114 11.310
219 0.192 -0.434 -0.522 -0.041 -0.393 -0.379 -0.229 17.600 494.469 11.580
220 0.185 -0.206 -0.685 -0.104 -0.433 -0.332 -0.235 18.300 498.767 11.850
221 -0.151 0.078 -0.626 -0.451 -0.348 -0.242 -0.410 19.100 502.981 26.050
222 0.039 -0.264 -0.623 -0.109 -0.463 -0.333 -0.204 20.100 507.064 26.480
223 -0.156 -0.035 -0.633 -0.329 -0.195 -0.472 -0.333 21.100 510.949 26.900
i l i -0.122 “0,053 43,238 -0,280 43.430 illlij» mmm
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No D O c l Feed I
mm/rev |
Vel
m/min
AErms
V
Fx
kN
F y
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy 1st AR Fy I
225 2.5 0.1 100 2.470 0.696 0.180 0.665 0.013 0.016 0.019 5.85E-04 2.09E-04 2.43E-04 2.10E-04 2.07E-04 1.80E-04 1.61E-03 1.83E-04 -0.108
226 2.5 0.1 120 2.580 0.605 0.148 0.388 0.007 0.013 0.015 6.39E-05 3.97E-05 5.67E-05 4.26E-05 1.14E-04 4.40E-05 1.57E-04 1.78E-04 -0.355
227 2.5 0.1 140 2.650 0.594 0.147 0.350 0.008 0.015 0.023 6.28E-05 8.18E-05 6.09E-05 1.88E-04 2.38E-04 7.97E-05 1.13E-03 1.61 E-03 -0.390
228 2.5 0.1 160 2.710 0.571 0.142 0.315 0.007 0.013 0.020 2.87E-05 6.26E-05 7.01 E-05 6.59E-05 1.45E-04 8.83E-05 3.70E-04 1.31 E-03 -0.377
1 » I l i I ...... Ü mm i mm ■ ■ wmmwmm11$$$É É É É Í1Ü iwssBsmwmmm¡ H i H Ü 1 Ü : l i m i mmmm mmmm mmmm « ü l ü
230 2.5 0.3 120 2.740 0.950 0.416 1.280 0.077 0.050 0.052 3.98E-02 1.86E-02 2.08E-03 1.27E-02 3.24E-03 1.80E-03 1.61E-02 6.19E-03 0.101
231 2.5 0.3 140 2.820 0.914 0.395 1.260 0.102 0.119 0.384 7.20E-02 1.89E-02 7.75E-03 1.08E-01 3.75E-03 2.64E-03 1.30E+00 1.14E-02 0.035
232 2.5 0.3 160 2.800 0.840 0.366 1.200 0.042 0.044 0.041 4.97E-04 1.77E-03 2.46E-03 1.12E-03 1.75E-03 1.10E-03 2.44E-03 3.91 E-03 -0.237
251
No 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz FW
mm
C W A
mm'
Ra
um
225 -0.319 -0.148 -0.394 -0.455 -0.232 -0.306 -0.462 23.600 517.771 4.000
226 -0.300 -0.018 -0.599 -0.381 -0.319 -0.131 -0.549 24.900 520.481 4.080
227 -0.318 -0.075 -0.627 -0.296 -0.619 -0.121 -0.258 26.400 522.542 4.160
228 -0.240 -0.064 -0.662 -0.273 -0.655 -0.075 -0.269 28.000 523.794 4.240
iMfi l ! l i » m m m mm mm mmmm Ô014 ......MÊ&i l i l i l i  m m m m m
230 0.180 -0.449 -0.506 -0.041 -0.659 -0.068 -0.273 31.500 523.134 5.710
231 0.174 -0.466 -0.473 -0.056 -1.080 -0.060 0.144 33.300 520.807 5.750
232 0.098 -0.120 -0.666 -0.210 -0.470 -0.221 -0.308 35.300 516.841 5.790
252
Input Data Features to Neural Network for the Third Experiment
No Vel
m/min
Feed
mm/re\
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH Fz 1st AR Fx
1 80 0.3 2.163 0.342 0.296 0.585 9.65E-03 1.91 E-02 3.17E-02 1.63E-04 1.18E-04 1.49E-04 5.72E-04 4.80E-04 6.41 E-04 3.95E-03 5.06E-04 9.03E-04 -0.747
2 80 0.4 2.062 0.438 0.380 0.689 1.13E-02 2.74E-02 2.29 E-02 1.21E-04 1.28E-04 5.50E-04 3.74E-04 2.70E-04 4.30E-03 1.29E-03 4.84E-04 1.17E-03 -0.996
3 80 0.5 2.156 0.504 0.403 0.648 2.12E-02 5.22E-02 3.17E-02 1.26E-04 1.39E-04 2.02E-03 5.38E-04 3.97E-04 1.40E-02 1.43E-03 5.92E-04 3.74E-03 -1.450
4 80 0.6 2.200 0.569 0.425 0.599 2.48E-02 5.61 E-02 3.61 E-02 2.09E-04 1.47E-04 3.00E-03 8.16 E-04 4.63E-04 1.60E-02 1.52E-03 7.96E-04 5.01 E-03 -1.618
5 80 0.7 2.204 0.632 0.449 0.551 1.77E-02 4.07E-02 3.63E-02 1.93 E-04 1.52E-04 1.59E-03 8.85 E-04 5.30E-04 8.60 E-03 1.73E-03 9.80E-04 4.63E-03 -1.445
6 100 0.3 2.374 0.331 0.271 0.514 8.73E-03 1.75E-02 3.00 E-02 1.43E-04 9.08E-05 1.06E-04 5.26E-04 3.41 E-04 3.66E-04 3.85E-03 4.94E-04 7.48E-04 -0.771
7 100 0.4 2.400 0.428 0.359 0.631 9.06E-03 2.15E-02 2.66E-02 1.10E-04 1.47E-04 1.26E-04 4.82E-04 4.58E-04 7.21 E-04 2.74E-03 5.92E-04 5.83E-04 -0.764
8 100 0.5 2.435 0.494 0.380 0.589 9.26E-03 2.56E-02 2.36E-02 1.36 E-04 9.57E-05 1.14E-04 4.57E-04 2.22E-04 9.60E-04 9.33E-04 4.65E-04 4.50E-04 -0.793
9 100 0.6 2.454 0.557 0.397 0.541 1.05E-02 2.64E-02 2.53E-02 1.85E-04 1.41 E-04 1.93E-04 6.78E-04 2.99E-04 1.37E-03 1.39E-03 7.57E-04 8.20E-04 -0.825
10 100 0.7 2.450 0.666 0.409 0.527 1.21E-02 3.07 E-02 2.88 E-02 2.38E-04 2.17E-04 2.04E-04 1.32E-03 4.86E-04 1.55E-03 2.18 E-03 1.04E-03 8.95 E-04 -0.747
11 120 0.3 2.524 0.352 0.255 0.501 9.36E-03 1.84E-02 2.90E-02 1.24E-04 1.33 E-04 1.03E-04 5.54E-04 3.38E-04 4.28E-04 3.10E-03 5.76E-04 4.74E-04 -0.580
12 120 0.4 2.546 0.457 0.336 0.621 1.08E-02 2.15E-02 2.93E-02 1.81 E-04 1.62 E-04 1.59E-04 6.11 E-04 3.75E-04 7.09E-04 3.10E-03 6.06E-04 4.32E-04 -0.571
13 120 0.5 2.568 0.534 0.353 0.593 1.10E-02 2.33E-02 2.61 E-02 1.68 E-04 1.82E-04 1.42E-04 6.13E-04 4.60E-04 7.64E-04 1.50E-03 7.10E-04 3.74E-04 -0.586
14 120 0.6 2.583 0.599 0.372 0.542 1.17E-02 2.64E-02 2.58 E-02 2.23 E-04 1.84E-04 1.62E-04 1.08E-03 4.84E-04 8.12E-04 1.02E-03 9.15E-04 4.86E-04 -0.604
15 120 0.7 2.574 0.673 0.392 0.489 1.42E-02 3.08E-02 3.41 E-02 3.50E-04 2.48 E-04 1.70E-04 1.93E-03 6.38E-04 1.02E-03 2.59E-03 1.50E-03 6.21 E-04 -0.614
16 140 0.3 2.647 0.362 0.236 0.450 1.18E-02 2.33 E-02 3.15E-02 2.34E-04 1.61 E-04 2.20E-04 9.10E-04 4.72E-04 8.08E-04 3.79E-03 8.99E-04 6.96E-04 -0.651
17 140 0.4 2.629 0.464 0.321 0.569 1.20 E-02 2.27E-02 3.06 E-02 1.82E-04 2.50E-04 1.61 E-04 6.78E-04 5.75E-04 8.21 E-04 2.94E-03 7.93E-04 3.59 E-04 -0.510
18 140 0.5 2.627 0.533 0.340 0.539 1.19E-02 2.42E-02 2.59E-02 1.73E-04 2.08E-04 1.87E-04 5.38E-04 5.88E-04 1.13E-03 1.38E-03 9.51 E-04 3.95E-04 -0.609
V i SHiSHwmm mmm wmm mmmm lilMg IlM ii mmmm IS 1 mmmm i n i 1,196-03: ¡ii$
20 140 0.7 2.650 0.670 0.376 0.457 1.46E-02 3.09 E-02 3.43 E-02 3.64E-04 2.59E-04 2.11 E-04 1.97E-03 6.99E-04 1.30E-03 2.64E-03 1.63 E-03 9.51 E-04 -0.583
21 160 0.3 2.662 0.362 0.236 0.441 1.38 E-02 2.89E-02 4.17 E-02 3.30E-04 2.38 E-04 2.74E-04 1.32E-03 7.59E-04 1.20E-03 6.29E-03 1.33E-03 9.48E-04 -0.644
22 160 0.4 2.677 0.464 0.308 0.550 1.58 E-02 3.42E-02 4.64E-02 4.16 E-04 3.38E-04 3.27E-04 1.34E-03 7.27E-04 2.04E-03 8.62E-03 1.71 E-03 6.55E-04 -0.524
iiHm 0$I I S mmm111$$¡■m wmmM I1ill m m m 11111111IIM ii illilll li»g$ 143&-03 mmmm 378U54;.
24 160 0.6 2.670 0.607 0.346 0.475 1.32E-02 2.57E-02 3.03E-02 2.53E-04 2.34E-04 1.42E-04 1.20E-03 5.88E-04 7.81 E-04 2.03E-03 1.35E-03 4.91 E-04 -0.450
25 160 0.7 2.705 0.675 0.365 0.436 1.47 E-02 3.03E-02 3.48E-02 3.88E-04 3.10E-04 2.06E-04 2.00E-03 8.21 E-04 1.21 E-03 2.49E-03 2.01 E-03 7.39E-04 -0.516
26 80 0.3 2.423 0.363 0.292 0.630 1.05E-02 2.12E-02 3.21 E-02 1.34E-04 1.17E-04 2.42E-04 8.67E-04 3.88E-04 8.55E-04 2.47E-03 5.10E-04 1.02E-03 -0.940
27 80 0.4 2.357 0.472 0.388 0.783 1.78E-02 3.21 E-02 4.15E-02 1.35E-04 3.13E-04 1.35E-03 4.90E-04 1.23E-03 4.56E-03 4.60 E-03 2.32E-03 3;25E-03 -1.433
28 80 0.5 2.325 0.544 0.410 0.734 1.99 E-02 3.87 E-02 3.67E-02 1.54E-04 2.09E-04 1.75E-03 4.87E-04 5.99E-04 7.41 E-03 3.39E-03 1.06E-03 3.11 E-03 -1.425
29 80 0.6 2.354 0.611 0.432 0.689 2.09E-02 4.19E-02 4.04E-02 2.28E-04 5.00E-04 1.83E-03 1.33E-03 1.89E-03 7.23 E-03 2.21 E-03 3.13E-03 4.13E-03 -1.395
30 80 0.7 2.353 0.682 0.457 0.638 1.89E-02 4.00E-02 4.01 E-02 3.94E-04 4.52E-04 1.26E-03 2.01 E-03 1.83E-03 5.64E-03 3.20E-03 3.05E-03 2.82E-03 -1.323
31 100 0.3 2.572 0.358 0.277 0.582 9.69E-03 1.85 E-02 2.61 E-02 1.35E-04 1.50E-04 1.41 E-04 6.29E-04 4.47E-04 4.77E-04 2.27E-03 6.85E-04 5.96E-04 -0.735
32 100 0.4 2.522 0.464 0.366 0.717 1.06 E-02 2.52E-02 3.85E-02 1.73E-04 1.57E-04 1.83E-04 5.95E-04 3.95 E-04 1.65E-03 6.78E-03 7.08E-04 9.15E-04 -0.748
33 100 0.5 2.516 0.534 0.390 0.685 1.13E-02 3.22E-02 3.30 E-02 1.66E-04 1.37E-04 3.31 E-04 7.81 E-04 4.14E-04 4.78E-03 3.22E-03 7.06E-04 2.27E-03 -0.871
P i m» wmm mmm 11* m i i iliM l i l i * ¡till!!! 3 18E+04 iliM i$| 1-1,035
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No 1st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz KT
mm
FW
mm
CW  A 
mm‘
1 0.024 -0.277 -0.871 0.256 -0.385 -1.022 0.302 -0.280 0.109 0.008 1.499
2 0.385 -0.389 -1.244 0.920 -0.674 -0.948 0.259 -0.310 0.109 0.008 1.499
3 1.172 -0.722 -1.577 1.451 -0.872 -1.253 0.778 -0.524 0.109 0.008 1.499
4 1.471 -0.853 -1.639 1.537 -0.897 -1.332 0.924 -0.591 0.109 0.008 1.499
5 1.174 -0.729 -1.467 1.253 -0.785 -1.246 0.840 -0.593 0.109 0.008 1.499
6 0.017 -0.246 -0.622 -0.011 -0.365 -0.914 0.063 -0.148 0.109 0.008 1.499
7 0.052 -0.287 -0.701 0.267 -0.565 -0.721 0.009 -0.288 0.109 0.008 1.499
8 0.209 -0.416 -0.765 0.499 -0.732 -0.635 0.115 -0.479 0.109 0.008 1.499
9 0.184 -0.359 -0.829 0.540 -0.710 -0.710 0.017 -0.306 0.109 0.008 1.499
10 0.022 -0.276 -0.873 0.561 -0.686 -0.727 -0.061 -0.211 0.109 0.008 1.499
11 -0.250 -0.169 -0.515 -0.298 -0.186 -0.725 -0.290 0.016 0.109 0.008 1.499
12 -0.170 -0.259 -0.487 -0.056 -0.456 -0.609 -0.338 -0.053 0.109 0.008 1.499
13 -0.121 -0.292 -0.481 0.040 -0.557 -0.515 -0.348 -0.136 0.109 0.008 1.499
14 -0.137 -0.259 -0.517 0.074 -0.557 -0.498 -0.290 -0.211 0.109 0.008 1.499
15 -0.094 -0.292 -0.576 0.099 -0.522 -0.544 -0.361 -0.093 0.109 0.008 1.499
16 -0.179 -0.170 -0.528 -0.271 -0.198 -0.677 -0.442 0.120 0.109 0 008 1.499
17 -0.411 -0.079 -0.495 -0.320 -0.184 -0.554 -0.528 0.083 0.109 0.008 1.499
18 -0.230 -0.161 -0.560 -0.162 -0.276 -0.492 -0.565 0.058 0.109 0.008 1.499
1ft I t « » m m m m ■ M U l i l l l l l l i m
20 -0.184 -0.233 -0.531 -0.125 -0.342 -0.545 -0.467 0.014 0.109 0.008 1.499
21 -0.106 -0.250 -0.575 -0.049 -0.372 -0.659 -0.352 0.014 0.109 0.008 1.499
22 -0.294 -0.182 -0.390 -0.273 -0.333 -0.503 -0.549 0.054 0.109 0.008 1.499
s i » ■ M U ¡ 1 1 1 $ » ¡ ¡ ¡ m i sSfeiiiWSKSf s s a ®
24 -0.496 -0.054 -0.502 -0.371 -0.125 -0.489 -0.606 0.097 0.109 0.008 1.499
25 -0.392 -0.091 -0.565 -0.303 -0.130 -0.520 -0.575 0.098 0.109 0.008 1.499
26 0.282 -0.342 -1.027 0.473 -0.445 -1.002 0.259 -0.257 0.140 0.013 2.143
27 1.028 -0.595 -1.487 1.162 -0.674 -1.436 0.908 -0.471 0.140 0.013 2.143
28 1.078 -0.653 -1.536 1.322 -0.785 -1.311 0.763 -0.451 0.140 0.013 2.143
29 0.967 -0.571 -1.532 1.237 -0.703 -1.313 0.691 -0.377 0.140 0.013 2.143
30 0.847 -0.524 -1.432 1.070 -0.636 -1.246 0.570 -0.323 0.140 0.013 2.143
31 0.003 -0.267 -0.679 0.057 -0.377 -0.771 -0.190 -0.038 0.140 0.013 2.143
32 0.038 -0.289 -0.909 0.541 -0.630 -0.846 -0.038 -0.116 0.140 0.013 2.143
33 0.195 -0.324 -1.084 0.808 -0.722 -0.883 0.235 -0.351 0.140 0.013 2.143
iiy.y.r.>Yi M M ......| t i l ! M i H i i i i i i » ■ ■ M mmm a — S i s
mmmm Reserved data for the 1 ”  test
r ~ ~ ~ i
Reserved data for the 2"u test
SpecL Spectrum density in lower
frequency --> 0-300Hz
SpecM Spectrum density in middle
frequency --> 300-600Hz
SpecH Spectrum density in high
frequency ~> 600-1000Hz
n'n AR the nm AR coefficient
CW A Crater Wear Area
FW Flank Wear VB
KT Depth of Crater Wear
254
l No Vel
m/min
Feed
mm/re\
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz S p ed  Fx SpecL Fy S p ed  Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx Spechi Fy SpecH Fz 1st AR Fx
1 35 100 0.7 2.515 0.672 0.430 0.585 1.55E-02 3.99E-02 4.11 E-02 4.14E-04 2.22E-04 5.65E-04 2.50E-03 6.51 E-04 5.31 E-03 2.30E-03 1.52E-03 4.86E-03 -0.913
1 36 120 0.3 2.633 0.345 0.244 0.486 9.93E-03 2.00 E-02 3.03E-02 1.95E-04 1.38E-04 1.04E-04 1.07E-03 3.88E-04 3.98E-04 3.82E-03 5.98E-04 3.35E-04 -0.577
37 120 0.4 2.621 0.455 0.334 0.629 1.22E-02 2.43E-02 5.77E-02 3.85E-04 1.77E-04 1.29E-04 1.58E-03 5.04E-04 6.02E-04 2.00E-02 9.71 E-04 4.83E-04 -0.663
38 120 0.5 2.633 0.534 0.366 0.631 1.16E-02 2.68E-02 3.47E-02 1.69E-04 1.70E-04 1.82E-04 7.09E-04 3.93E-04 9.20E-04 3.98E-03 7.90E-04 5.21 E-04 -0.627
39 120 0.6 2.649 0.604 0.382 0.598 1.32E-02 2.93E-02 3.04E-02 2.11E-04 2.09E-04 2.64E-04 1.05E-03 6.43E-04 1.21 E-03 1.66E-03 1.16E-03 6.36E-04 -0.619
40 120 0.7 2.586 0.666 0.410 0.541 1.46E-02 3.43E-02 3.73E-02 4.26E-04 2.48E-04 2.28E-04 2.65E-03 5.90E-04 1.41 E-03 2.43 E-03 1.69E-03 8.39E-04 -0.570
41 140 0.3 2.689 0.347 0.245 0.479 1.14E-02 2.34E-02 3.83E-02 2.39E-04 1.67E-04 1.74E-04 1.14E-03 5.37E-04 7.42E-04 5.21 E-03 9.99E-04 5.33E-04 -0.589
42 140 0.4 2.690 0.456 0.331 0.624 1.40E-02 2.76E-02 4.48E-02 3.21 E-04 2.82E-04 2.83E-04 1.31E-03 7.05E-04 1.14E-03 7.95E-03 1.22E-03 5.93E-04 -0.599
43 140 0.5 2.698 0.529 0.350 0.601 1.48E-02 3.09E-02 3.55E-02 1.83E-04 2.92E-04 2.71 E-04 7.37E-04 7.39E-04 1.76E-03 2.52E-03 1.28E-03 7.96E-04 -0.515
44 140 0.6 2.681 0.596 0.370 0.544 1.43E-02 3.16E-02 3.23 E-02 2.35E-04 2.49E-04 3.79E-04 1.45E-03 6.76E-04 2.03E-03 2.62E-03 1.06E-03 5.77E-04 -0.598
45 140 0.7 2.677 0.662 0.391 0.503 1.57E-02 3.37E-02 3.50E-02 3.28E-04 3.84E-04 3.38 E-04 2.10E-03 9.01 E-04 1.95E-03 2.57E-03 1.56E-03 8.43E-04 -0.579
46 160 0.3 2.698 0.343 0.231 0.434 1.26E-02 2.68 E-02 4.47E-02 2.21 E-04 1.98E-04 1.84E-04 1.45E-03 7.28E-04 8.46 E-04 8.02E-03 1.26E-03 6.19E-04 -0.601
47 160 0.4 2.712 0.449 0.312 0.562 1.78E-02 3.48 E-02 6.97 E-02 9.15E-04 3.14E-04 2.67E-04 2.66E-03 1.48E-03 1.21 E-03 2.44E-02 1.99E-03 7.90E-04 -0.522
48 160 0.5 2.735 0.527 0.341 0.558 1.56E-02 3.32E-02 4.54E-02 2.88E-04 3.38E-04 3.33E-04 1.08E-03 7.99E-04 1.63E-03 5.77E-03 1.62E-03 7.92E-04 -0.513
49 160 0.6 2.727 0.591 0.362 0.515 1.52E-02 3.11 E-02 3.94E-02 2.83E-04 3.96 E-04 2.46E-04 1.78E-03 9.85E-04 1.29E-03 4.56E-03 1.59E-03 7.42E-04 -0.527
50 160 0.7 2.761 0.659 0.381 0.479 1.86E-02 3.92E-02 4.28E-02 3.86E-04 6.26 E-04 4.67E-04 2.42E-03 1.51 E-03 2.75E-03 4.56E-03 2.47E-03 1.05E-03 -0.625
51 80 0.3 2.368 0.349 0.279 0.580 1.13E-02 2.35E-02 3.87E-02 2.43E-04 1.58E-04 2.07E-04 1.36E-03 8.22E-04 8.88E-04 6.32E-03 7.37E-04 1.13E-03 -0.833
52 80 0.4 2.338 0.468 0.402 0.794 1.48E-02 2.81 E-02 4.10E-02 1.30E-04 2.63E-04 8.19E-04 6.86 E-04 1.64E-03 2.31 E-03 6.07E-03 1.95E-03 1 58E-03 -1.450
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54 80 0.6 2.337 0.599 0.462 0.703 1.45E-02 3.19E-02 3.75E-02 2.75Ë-04 3.97E-04 3.13E-04 1.34E-03 3.10E-03 1.17E-03 2.32E-03 4.70E-03 9.41 E-04 -1.024
55 80 0.7 2.340 0.665 0.485 0.646 1.62E-02 3.61 E-02 3.53E-02 3.71 E-04 3.02E-04 6.36E-04 2.30E-03 1.92E-03 3.17E-03 2.44E-03 2.52E-03 1.85E-03 -1.087
56 100 0.3 2.528 0.341 0.272 0.541 1.09E-02 2.19E-02 3.75E-02 2.03F-04 1.79E-04 1.74E-04 1.01 E-03 7.82E-04 5.96E-04 4.80E-03 9.92E-04 8.45E-04 -0.711
57 100 0.4 2.510 0.452 0.379 0.713 1.31 E-02 3.22E-02 5.05E-02 3.32E-04 1.79E-04 4.80E-04 1.59E-03 6.51 E-04 3.61 E-03 1.08E-02 9.83E-04 2.09E-03 -0.960
58 100 0.5 2.498 0.521 0.407 0.674 1.23E-02 2.89E-02 4.49E-02 2.03E-04 1.59E-04 4.41 E-04 6.59E-04 3.54E-04 3.58E-03 7.93E-03 8.40E-04 2.84E-03 -0.921
59 100 0.6 2.506 0.602 C.425 0.644 1.53E-02 4.22E-02 4.45E-02 1.88E-04 1.54E-04 7.64E-04 1.32E-03 4.35E-04 7.11 E-03 4.38E-03 8.92E-04 5.41 E-03 -1.165
60 100 0.7 2.574 0.674 0.438 0.603 1.62E-02 4.45E-02 4.40E-02 2.62 E-04 2.58E-04 1.07E-03 1.68E-03 7.91 E-04 1.00E-02 2.12E-03 1.64E-03 8.44E-03 -1.094
61 120 0.3 2.606 0.349 0.248 0.495 1.07 E-02 2.46E-02 3.91 E-02 2.27E-04 1.29E-04 1.52E-04 1.83E-03 6.10E-04 6.56E-04 7.36 E-03 8.99E-04 4.81 E-04 -0.695
62 120 0.4 2.610 0.465 0.350 0.672 1.42E-02 3.26E-02 6.47E-02 4.87E-04 1.82E-04 2.63E-04 2.27E-03 8.19E-04 1.29E-03 1.69E-02 1.09E-03 8.64E-04 -0.834
63 120 0.5 2.643 0.544 0.378 0.671 1 32E-02 3,21 £-02 3.60E-02 2.34E-04 2.12E-04 2.50E-04 7.81 E-04 5.15E-04 1.51 E-03 1.90Ë-03 9.38E-04 7.11 E-04 -0.712
64 120 0.6 2.637 0.609 0.401 0.621 1.53 E-02 3.75E-02 3.87E-02 3.07 E-04 2.75E-04 3.68E-04 1.74E-03 6.73E-04 2.47E-03 2.72E-03 1.24E-03 1.16E-03 -0.686
65 120 0.7 2.654 0.675 0.422 0.568 1.69E-02 4.10E-02 4.43E-02 4.15E-04 3.09E-04 3.81 E-04 2.32E-03 9.51 E-04 2.84E-03 3.94E-03 2.06E-03 1.32E-03 -0.671
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67 140 0.4 2.668 0.453 0.310 0.577 1.60E-02 3.50E-02 7.24E-02 7.87Ë-04 2.37 E-04 2.23E-04 4.15E-03 9.10E-04 1.08E-03 2.54E-02 1.07E-03 7.89E-04 -0.701
68 140 0.5 2.711 0.540 0.356 0.622 1.31 E-02 2.98E-02 3.22E-02 1.74E-04 2.31 E-04 2.80E-04 7.87E-04 5.36 E-04 1.77E-03 2.03E-03 1.46 E-03 5.96E-04 -0.587
69 140 0.6 2.670 0.601 0.385 0.574 1.42E-02 3.10E-02 3.63E-02 2.62E-04 3.19E-04 2.56E-04 1.76E-03 7.05E-04 1.32E-03 4.31 E-03 1.53E-03 7.29E-04 -0.527
70 140 0.7 2.657 0.671 0.406 0.531 1.67 E-02 3.64E-02 4.48E-02 4.65E-04 4.00E-04 2.84E-04 2.90E-03 1.15E-03 1.34E-03 5.66E-03 2.04E-03 1.06E-03 -0.544
71 160 0.3 2.690 0.345 0.226 0.425 1.45E-02 3.28E-02 6.39E-02 4.28E-04 2.61 E-04 2.49E-04 2.86E-03 1.24E-03 1.02E-03 1.93E-02 1.78E-03 8.78E-04 -0.645
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No 1st AR Fy 1 st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz KT
mm
FW
mm
CW  A 
mm*
35 0.254 -0.341 -1.166 0.864 -0.697 -0.915 0.302 -0.385 0.140 0.013 2.143
36 -0.266 -0.156 -0.668 -0.116 -0.215 -0.659 -0.411 0.071 0.140 0.013 2.143
37 -0.144 -0.193 -0.661 0.034 -0.371 -0.800 -0.345 0.146 0.140 0.013 2.143
38 -0.052 -0.321 -0.569 0.177 -0.607 -0.520 -0.129 -0.350 0.140 0.013 2.143
39 -0.127 -0.253 -0.557 0.130 -0.572 -0.468 -0.426 -0.105 0.140 0.013 2.143
40 -0.185 -0.245 -0.712 0.312 -0.599 -0.446 -0.274 -0.279 0.140 0.013 2.143
41 -0.220 -0.191 -0.657 -0.033 -0.307 -0.682 -0.397 0.080 0.140 0.013 2.143
42 -0.217 -0.184 -0.530 -0.137 -0.331 -0.507 -0.498 0.006 0.140 0.013 2.143
43 -0.268 -0.216 -0.525 -0.090 -0.382 -0.378 -0.503 -0.117 0.140 0.013 2.143
44 -0.156 -0.246 -0.551 -0.008 -0.439 -0.444 -0.491 -0.065 0.140 0.013 2.143
45 -0.192 -0.229 -0.577 0.009 -0.430 -0.476 -0.485 -0.038 0.140 0.013 2.143
46 -0.164 -0.235 -0.675 0.064 -0.385 -0.628 -0.441 0.072 0.140 0.013 2.143
47 -0.330 -0.147 -0.557 -0.191 -0.248 -0.665 -0.530 0.197 0440 0.013 2.143
48 -0.263 -0.223 -0.410 -0.226 -0.361 -0.409 -0.553 -0.036 0.140 0.013 2.143
49 -0.381 -0.092 -0.559 -0.212 -0.227 -0.489 -0.567 0.058 0.140 0.013 2.143
50 -0.281 -0.093 -0.672 -0.098 -0.226 -0.471 -0.543 0.016 0.140 0.013 2.143
51 0.087 -0.253 -1.028 0.378 -0.348 -1.110 0.226 -0.115 0.170 0.017 2.275
52 1.055 -0.605 -1.402 0.956 -0.553 -1.353 0.677 -0.323 0.170 0.017 2.275
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54 0.263 -0.238 -1.354 0.813 -0.458 -i  .244 0.461 -0.216 0.170 0.017 2.275
55 0.447 -0.360 -1.283 0.799 -0.514 -1.118 0.295 -0.176 0.170 0.017 2.275
56 -0.098 -0.191 -0.885 0.140 -0.253 -0.958 -0.029 -0.012 0.170 0.017 2.275
57 0.299 -0.339 -1.141 0.768 -0.625 -0.954 0.190 -0.235 0.170 0.017 2.275
58 0.263 -0.342 -1.099 0.740 -0.640 -0.920 0.243 -0.322 0.170 0.017 2.275
59 0.692 -0.526 -1.371 1.186 -0.814 -1.088 0.593 -0.504 0.170 0.017 2.275
60 0.550 -0.456 -1.264 1.028 -0.762 -1.010 0.459 -0.447 0.170 0.017 2.275
61 -0.094 -0.211 -0.755 0.045 -0.288 -0.789 -0.381 0.171 0.170 0.017 2.275
62 0.135 -0.301 -0.791 0.346 -0.554 -0.831 -0.152 -0.015 0.170 0.017 2.275
63 0.046 -0.333 -0.694 0.345 -0.648 -0.547 -0.248 -0.205 0.170 0.017 2.275
64 -0.001 -0.313 -0.757 0.432 -0.673 -0.527 -0.104 -0.367 0.170 0.017 2.275
65 -0.056 -0.273 -0.801 0.461 -0.658 -0.515 -0.253 -0.230 0.170 0.017 2.275
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67 -0.088 -0.211 -0.704 -0.010 -0.283 -0.780 -0.423 0.204 0.170 0.017 2.275
68 -0.158 -0.255 -0.552 0.014 -0.460 -0.472 -0.542 0.014 0.170 0.017 2.275
69 -0.196 -0.277 -0.483 0.017 -0.532 -0.528 -0.476 0.005 0.170 0.017 2.275
70 -0.271 -0.185 -0.618 0.103 -0.483 -0.503 -0.536 0.041 0.170 0.017 2.275
71 -0.153 -0.201 -0.743 -0.010 -0.241 -0.845 -0.403 0.253 0.170 0.017 2.275
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No Vel
m/min
Feed
mm/re\
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz S p ed  Fx S p ed  Fy S p e d  Fz SpecM Fx SpecM Fy SpecM Fz SpecFI Fx SpecFI Fy SpecH Fz 1st AR Fx
73 160| 0.5 2.744 0.538 0.350 0.596 1.71E-02 3.62E-02 3.99E-02 2.68E-04 4.95E-04 3.69E-04 1.42E-03 1.27 E-03 2.48 E-03 2.55E-03 1.88E-03 6.51 E-04 -0.559
74 160 0.6 2.747 0.600 0.368 0.536 1.59E-02 3.37E-02 3.62E-02 1.99E-04 4.27E-04 3.21 E-04 1.32E-03 1.06E-03 2.25E-03 2.62E-03 1.85 E-03 6.35E-04 -0.589
75 160 0.7 2.748 0.674 0.386 0.509 1.77E-02 3.91 E-02 4.11 E-02 3.09E-04 6.12E-04 4.77E-04 1.98E-03 1.72E-03 3.33E-03 2.19E-03 3.24E-03 1.12E-03 -0.630
76 80 0.3 2.412 0.345 0.267 0.556 9.96E-03 2.12E-02 3.19E-02 1.81 E-04 1.23E-04 2.45E-04 1.19E-03 7.14E-04 7.61 E-04 4.32E-03 7.63E-04 1.33E-03 -1.055
77 80 0.4 2.345 0.473 0.403 0.810 1.42 E-02 3.25E-02 4.98E-02 3.38E-04 4.10E-04 2.65E-04 1.64E-03 3.33E-03 1.02E-03 1.03E-02 2.40E-03 8.12E-04 -1.062
78 80 0.5 2.302 0.548 0.447 0.803 1.29E-02 3.15E-02 3.44E-02 1.93 E-04 5.26E-04 1.38E-04 9.93E-04 3.90E-03 5.52E-04 3.07E-03 2.25E-03 4.11 E-04 -0.991
79 80 0.6 2.283 0.617 0.469 0.750 1.32E-02 3.11 E-02 3.70E-02 2.65E-04 4.53E-04 1.50E-04 1.90E-03 2.81 E-03 7.19E-04 4.65E-03 2.80E-03 5.61 E-04 -0.912
80 80 0.7 2.286 0.680 0.497 0.689 1.49 E-02 3.73E-02 3.96E-02 4.44E-04 4.23E-04 2.77E-04 3.51 E-03 3.27E-03 1.21 E-03 4.57E-03 3.30E-03 8.68E-04 -0.930
81 100 0.3 2.538 0.341 0.259 0.524 1.07E-02 2.17E-02 3.42E-02 1.91 E-04 1.51 E-04 1.89 E-04 1.00 E-03 6.72E-04 6.14E-04 4.30E-03 7.97E-04 1.23 E-03 -0.762
82 100 0.4 2.504 0.464 0.383 0.751 2.16E-02 4.48E-02 5.83 E-02 3.95E-04 2.08E-04 2.04E-03 2.21 E-03 9.42E-04 7.83E-03 1.19E-02 1.21 E-03 6.51 E-03 -1.345
S3 100 0.5 2.479 0.538 0.417 0.728 2.35 E-02 4.61 E-02 5.16E-02 2.18E-04 1.86E-04 2.60E-03 7.28E-04 5;64E-04 1.06E-02 7.27E-03 1.08E-03 6.06E-03 -1.398
84 100 0.6 2.485 0.615 0.441 0.697 2.99E-02 5.89E-02 5.87E-02 2.42E-04 2.19E-04 5.00E-03 1.52E-03 7.34E-04 1.89E-02 4.78E-03 1.48E-03 1.35 E-02 -1.545
85 100 0.7 2.534 0.685 0.460 0.646 3.05E-02 6.26E-02 5.70E-02 3.46E-04 3.68 E-04 4.58E-03 2.59E-03 1.19E-03 1.84E-02 3.29E-03 2.60E-03 1.33E-02 -1.490
86 120 0.3 2.583 0.343 0.241 0.482 1.11 E-02 2.40E-02 3.90E-02 2.68E-04 1.59E-04 1.22E-04 1.72E-03 4.83E-04 4.77E-04 7.15E-03 7.64E-04 4.46E-04 -0.636
87 120 0.4 2.579 0.463 0.349 0.675 1.60 E-02 3.82E-02 7.14E-02 6.60E-04 2.10E-04 3.94E-04 4.05E-03 1.35E-03 2.29E-03 2.39E-02 1.61 E-03 2.21 E-03 -0.848
88 120 0.5 2.581 0.545 0.394 0.707 1.34E-02 3.48E-02 3.37E-02 2.35E-04 2.06E-04 3.32E-04 9.59E-04 5.10E-04 4.12E-03 2.61 E-03 1.17E-03 1.58E-03 -0.803
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90 120 0.7 2.576 0.686 0.441 0.609 1.85E-02 4.61 E-02 5.38E-02 5.89 E-04 3.06E-04 7.11 E-04 3.66 E-03 9.10E-04 5.79E-03 6.21 E-03 2.91 E-03 5.26E-03 -0.886
91 140 0.3 2.650 0.350 0.231 0.459 1.21 E-02 2.41 E-02 3.85E-02 2.47 E-04 1.82E-04 1.68E-04 1.59E-03 5.67E-04 7.72E-04 7.03E-03 7.99E-04 4.11 E-04 -0.601
92 140 0.4 2.651 0.466 0.323 0.631 1.67 E-02 3.59E-02 6.73E-02 8.39E-04 2.71 E-04 2.52E-04 3.75E-03 1.15E-03 1.12E-03 2.15E-02 1.40E-03 9.28E-04 -0.654
93 140 0.5 2.668 0.540 0.375 0.658 1 35E-02 3.06E-02 3.15E-02 2.00E-04 2 59E-04 2.28E-04 9.84E-04 7.46 E-04 1.25E-03 1.51 E-03 1.04E-03 5.71 E-04 -0.610
94 140 0.6 2.667 0.607 0.398 0.614 1.44E-02 3.23E-02 3.82E-02 2.56E-04 3.30E-04 2.30E-04 1.34E-03 7.75E-04 1.20E-03 3.29E-03 1.49 E-03 9.94E-04 -0.575
95 140 0.7 2.675 0.675 0.416 0.570 1.67E-02 3.68E-02 4.64E-02 3.18E-04 4.11 E-04 3.69E-04 1.87 E-03 1.22E-03 1.87E-03 4.25E-03 3.15E-03 1.42E-03 -0.557
96 160 0.3 2.680 0.351 0.230 0.448 1.35E-02 2.82 E-02 4.70E-02 2.93E-04 2.49 E-04 2.16E-04 1.82E-03 7.49 E-04 1.00 E-03 1.05E-02 1.29E-03 6.91 E-04 -0.574
97 160 0.4 2.692 0.472 0.333 0.651 1.79E-02 3.72E-02 6.40E-02 8.01 E-04 3.37E-04 4.11 E-04 3.61 E-03 1.07E-03 1.84E-03 1.98E-02 1.91 E-03 1.34E-03 -0.594
98 160 0.5 2.711 0.538 0.358 0.614 1.50E-02 3.34E-02 3.89E-02 2.55E-04 2.98E-04 3.78E-04 1.57E-03 7.57E-04 2.20E-03 3.77E-03 1.32E-03 6.38E-04 -0.564
99 160 0.6 2.713 0.609 0.381 0.582 1.52E-02 3.36E-02 3.70E-02 2.19E-04 2.63E-04 3.14E-04 1.22E-03 7.93E-04 1.95E-03 1.91 E-03 1.58E-03 8.48E-04 -0.470
100 160 0.7 2.711 0.679 0.398 0.544 1.86E-02 4.01 E-02 4.26E-02 3.66E-04 4.75E-04 4.97E-04 1.73E-03 1.38E-03 2.49E-03 1.91 E-03 2.51 E-03 1.15E-03 -0.545
101 80 0.3 2.490 0.352 0.264 0.576 1.18E-02 2.56E-02 3.96E-02 2.00E-04 2.57E-04 2.70E-04 7.63 E-04 1.69E-03 9.71 E-04 4.85E-03 1.28E-03 2.90E-03 -0.885
102 80 0.4 2.481 0.484 0.409 0.853 1 67E-02 4.32E-02 5.46E-02 3.49E-04 7.35E-04 3.36E-04 1.87 E-03 8.76E-03 9.42E-04 1.01 E-02 5.29E-03 9.47 E-04 -1.163
103 80 0.5 2.445 0.564 0.459 0.869 1.41 E-02 4.50E-02 3.65E-02 2.13E-04 7.00E-04 1.88 E-04 1.08E-03 9.71 E-03 6.22E-04 2.38E-03 3.98E-03 5.27E-04 -1.000
104 80 0.6 2.386 0.626 0.478 0.793 1.55E-02 3.95E-02 4.32E-02 3.94E-04 5.39E-04 3.00E-04 2.46E-03 4.97E-03 1.14E-03 5.25E-03 4.59E-03 8.40E-04 -0.977
105 80 0.7 2.447 0.684 0.501 0.724 1.86 E-02 4.34E-02 4.22E-02 3.97E-04 5.47E-04 8.56E-04 2.27E-03 4.38E-03 3.24E-03 3.61 E-03 4.70E-03 2.14E-03 -1.135
106 100 0.3 2.565 0.337 0.255 0.523 1.26 E-02 2.92E-02 4.99E-02 3.99E-04 1.82E-04 1.78 E-04 2.90E-03 1.14E-03 6.01 E-04 1.12E-02 8.85E-04 1.32E-03 -0.776
107 100 0.4 2.563 0.460 0.381 0.751 2.14E-02 4.59E-02 7.35E-02 6.59E-04 3.21 E-04 1.64E-03 3.35E-03 1.59E-03 7.32E-03 2.37E-02 1.42E-03 8.24E-03 -1.263
108 100 0.5 2.548 0.542 0.427 0.776 1.62E-02 4.29E-02 4.32E-02 2.43E-04 1.79E-04 8.63E-04 1.32E-03 5.71 E-04 7.96E-03 2.96E-03 6.64E-04 6.68E-03 -1.107
109 100 0.6 2.528 0.607 0.458 0.721 3.15E-02 6.69E-02 6.26E-02 5.16E-04 2.81 E-04 4.54E-03 2.97E-03 9.10E-04 2.12E-02 6.56E-03 1.78E-03 1.40E-02 -1.433
110 100 0.7 2.581 0.662 0.472 0.651 1.94E-02 4.47E-02 5.18E-02 2.96E-04 3.05 E-04 1.27E-03 1.99E-03 1.05E-03 8.01 E-03 4.11 E-03 2.78E-03 9.08E-03 -0.991
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n 1st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz KTmm FWmm CW  A mm‘73 -0.332 -0.109 -0.580 -0.129 -0.287 -0.395 -0.628 0.024 0.170 0.017 2.275
74 -0.319 -0.092 -0.619 -0.188 -0.189 -0.437 -0.597 0.036 0.170 0.017 2.275
75 -0.195 -0.174 -0.652 -0.077 -0.267 -0.488 -0.602 0.093 0.170 0.017 2.275
76 0.422 -0.366 -1.056 0.450 -0.392 -1.132 0.439 -0.306 0.202 0.019 2.356
77 0.310 -0.248 -1.337 0.678 -0.339 -1.276 0.394 -0.117 0.202 0.019 2.356
78 0.128 -0.137 -1.352 0.670 -0.316 -1.122 0.177 -0.055 0.202 0.019 2.356
79 0.042 -0.130 -1.298 0.638 -0.339 -1.116 0.142 -0.026 0.202 0.019 2.356
80 0.120 -0.190 -1.134 0.407 -0.272 -1.080 0.120 -0.039 0.202 0.019 2.356
81 0.027 -0.265 -0.806 0.155 -0.347 -0.904 0.042 -0.137 0.202 0.019 2.356
82 0.954 -0.608 -1.410 1.134 -0.721 -1.224 0.671 -0.446 0.202 0.019 2.356
83 1.054 : -0.655 -1.468 1.240 -0.770 -1.161 0.556 -0.394 0.202 0.019 2.356
84 1.287 -0.741 -1.618 1.441 -0.820 -1.353 0.854 -0.499 0.202 0.019 2.356
85 1.217 -0.726 -1.543 1.355 -0.810 -1.322 0.840 -0.515 0.202 0.019 2.356
86 -0.154 -0.210 -0.729 -0.011 -0.258 -0.815 -0.358 0.174 0.202 0.019 2.356
87 0.162 -0.314 -0.964 0.473 -0.506 -1.001 0.108 -0.106 0.202 0.019 2.356
88 0.157 -0.354 -0.947 0.637 -0.688 -0.708 -0.109 -0.182 0.202 0.019 2.356
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90 0.237 -0.351 -1.102 0.733 -0.629 -0.899 0.192 -0.291 0.202 0.019 2.356
91 -0.164 -0.234 -0.636 -0.083 -0.278 -0.670 -0.476 0.148 0.202 0.019 2.356
92 -0.132 -0.214 -0.717 0.097 -0.378 -0.776 -0.329 0.106 0.202 0.019 2.356
93 -0.079 -0.311 -0.585 0.148 -0.561 -0.423 -0.454 -0.122 0.202 0.019 2.356
94 -0.147 -0.277 -0.572 0.153 -0.579 -0.438 -0.402 -0.159 0.202 0.019 2.356
95 -0.182 -0.261 -0.643 0.188 -0.542 -0.471 -0.383 -0.143 0.202 0.019 2.356
96 -0.222 -0.203 -0.620 -0.136 -0.239 -0.710 -0.442 0.154 0.202 0.019 2.356
97 -0.166 -0.240 -0.615 -0.035 -0.346 -0.600 -0.481 0.083 0.202 0.019 2.356
98 -0.162 -0.274 -0.561 0.006 -0.442 -0.457 -0.534 -0.008 0.202 0.019 2.356
99 -0.270 -0.261 -0.485 -0.035 -0.477 -0.376 -0.584 -0.039 0.202 0.019 2.356
100 -0.205 -0.250 -0.572 0.051 -0.476 -0.358 -0.601 -0.039 0.202 0.019 2.356
101 0.143 -0.258 -1.104 0.459 -0.352 -1.245 0.719 -0.473 0.228 0.025 2.394
102 0.443 -0.279 -1.438 0.783 -0.342 -1 390 0.619 -0.228 0.228 0.025 2.394
103 0.207 -0.207 -1.575 1.077 -0.499 -1.180 0.407 -0.226 0.228 0.025 2.394
104 0.20C -0.223 -1.435 0.879 -0.442 -1.163 0.250 -0.086 0.228 0.025 2.394
105 0.48É -0.351 -1.389 0.879 -0.488 -1.202 0.380 -0.177 0.228 0.025 2.394
106 0.001 -0.224 -0.852 0.106 -0.251 -1.039 0.144 -0.103 0.228 0.025 2.394
107 0.785 -0.522 -1.347 0.998 -0.648 -1.331 0.908 -0.577 0.228 0.025 2.394
108 0.57C -0.462 -1.329 1.096 -0.765 -1.208 0.828 -0.618 0.228 0.025 2.394
109 1.121 -0.687 -1.558 1.402 -0.841 -1.193 0.704 -0.508 0.228 0.025 2.394
110 0.398 -0.406 -1.244 0.936 -0.690 -0.993 0.404 -0.409 0.228 0.025 2.394
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Std Fx Std Fy Std Fz S p e d  Fx S p ed  Fy S p ed  Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH F2 1st AR Fx
ml 120 0.3 2.627 0.322 0.238 0.459 1.34E-02 3.18E-02 5.70E-02 4.35E-04 2.63E-04 1.62E-04 3.53E-03 1.05E-03 4.92E-04 1.62E-02 1.10E-03 8.34E-04 -0.682
112 120 0.4 2.613 0.439 0.353 0.660 1.68E-02 4.02E-02 7.61 E-02 9.61 E-04 3.02E-04 2.70E-04 5.70E-03 1.79E-03 1.11 E-03 3.10E-02 1.77E-03 1.21 E-03 -0.753
113 120 0.5 2.643 0.526 0.405 0.709 1.37E-02 3.43E-02 3.93E-02 2.36E-04 2.28E-04 2.45E-04 1.20E-03 7.91 E-04 1.10E-03 4.74E-03 9.00E-04 6.83E-04 -0.658
114 120 0.6 2.650 0.598 0.426 0.665 1.52E-02 3.59E-02 4.03E-02 2.92E-04 2.96E-04 2.60E-04 2.23E-03 7.14E-04 1.69E-03 4.44E-03 1.26E-03 1.18E-03 -0.606
115 120 0.7 2.665 0.682 0.445 0.648 1.75E-02 4.47E-02 4.68E-02 3.42E-04 3.38E-04 3.91 E-04 1.56E-03 9.90E-04 2.77E-03 3.50E-03 2.22E-03 2.22E-03 -0.524
116 140 0.3 2.655 0.324 0.227 0.439 1.41E-02 3.14E-02 6.60E-02 4.23E-04 2.60E-04 1.73E-04 2.89E-03 1.27E-03 6.25E-04 2.10E-02 1.32E-03 8.78E-04 -0.614
117 140 0.4 2.682 0.445 0.337 0.648 1.64E-02 3.65E-02 6.89E-02 6.29E-04 3.36E-04 2.70E-04 3.66E-03 1.80E-03 9.80E-04 2.58E-02 1.95E-03 1.13E-03 -0.650
118 140 0.5 2.696 0.541 0.378 0.695 1.44E-02 3.19E-02 3.72E-02 2.40E-04 2.59E-04 2.27E-04 1.39E-03 7.33E-04 1.16E-03 2.35E-03 1.18E-03 6.00E-04 -0.487
119 140 0.6 2.740 0.594 0.407 0.631 1.58E-02 3.24E-02 3.81 E-02 2.87E-04 3.28E-04 2.88E-04 1.58E-03 6.14E-04 9.92E-04 3.32E-03 1.48E-03 6.92E-04 -0.451
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121 160 0.3 2.688 0.314 0.212 0.389 1.69Ë-02 3.50E-02 6.91 Ë-02 7.88E-04 2.50E-04 2.73E-Ö4 3.14E-Ö3 1.48E-03 1.16E-03 2.44 E-02 1.82E-Ö3 1.21 E-03 -0.687
122 160 0.4 2.716 0.442 0.324 0.614 1.75E-02 3.98E-02 6.96E-02 6.49E-04 4.41 E-04 2.82E-04 3.86E-03 2.11 E-03 1.26E-03 2.30E-02 2.16E-03 9.73E-04 -0.586
123 160 0.5 2.713 0.529 0.367 0.651 1.73E-02 4.01 E-02 3.98E-02 2.29E-04 4.07E-04 6.58E-04 1.75E-03 1.14E-03 4.09E-03 2.53E-03 1.85E-03 9.31E-04 -0.698
124 160 0.6 2.796 0.586 0.393 0.589 1.76E-02 3.84E-02 3.87E-02 2.78E-04 3.96E-04 6.60E-04 1.63E-03 1.02E-03 4.37E-03 2.80E-03 1.82E-03 1.00E-03 -0.635
125 160 0.7 2.772 0.653 0.415 0.548 1.84E-02 3.61 E-02 4.71 E-02 2.48E-04 4.42E-04 6.54E-04 8.99E-04 9.19E-04 3.01 E-03 1.82E-03 2.30E-03 1.39E-03 -0.478
126 80 0.3 2.567 0.352 0.260 0.568 1.68 E-02 3.77E-02 5.90E-02 6.18E-04 3.64E-04 4.56E-04 3.63E-03 2.48E-03 1.35E-03 1.38E-02 2.25E-03 4.81 E-03 -1.007
127 80 0.4 2.558 0.499 0.424 0.908 1.87E-02 4.95E-02 6.28E-02 6.80 E-04 7.71 E-04 3.85E-04 4.09E-03 7.90E-03 1.15E-03 1.88E-02 4.06E-03 1.87E-03 -1.113
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129 80 0.6 2.469 0.652 0.506 0.874 1.80 E-02 3.83 E-02 4.31 Ë-02 5.31 E-04 9.56E-04 2.47E-04 3.31 E-03 3.47E-03 1.04E-03 6.31 E-03 2.76E-03 Î.04E-03 -1.031
130 80 0.7 2.516 0.715 0.524 0.799 1.67E-02 3.99E-02 3.90E-02 2.97E-04 7.40E-04 2.89E-04 1.63E-03 4.10E-03 1.80E-03 3.99E-03 2.95E-03 8.07E-04 -0.930
131 100 0.3 2.634 0.346 0.251 0.531 1.16E-02 2.39E-02 3.02E-02 2.01 E-04 1.87E-04 1.75E-04 7.51 E-04 8.61 E-04 6.70E-04 2.90E-03 6.80E-04 1.00E-03 -0.663
132 100 0.4 2.607 0.483 0.392 0.808 2.81 E-02 5.45E-02 7.48E-02 7.34E-04 4.28E-04 2.99E-03 4.55E-03 2.35E-03 9.07E-03 2.23E-02 1.91 E-03 1.13E-02 -1.440
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134 100 0.6 2.609 0.607 0.488 0.749 4.05E-02 7.65E-02 6.53E-02 3.74E-04 3.07E-04 9.14E-03 2.79E-03 1.25E-03 3.06E-02 5.33E-03 1.95E-03 1.70E-02 -1.575
135 100 0.7 2.605 0.676 C.505 0.700 3.43E-02 7.02 E-02 6.20E-02 4.80E-04 5.83E-04 5.98E-03 3.93E-03 2.64E-03 2.18E-02 6.39E-03 3.59E-03 1.35E-02 -1.433
136 120 0.3 2.659 0.319 0.237 0.442 1.38E-02 3.33E-02 5.80E-02 3.81 E-04 2.43E-04 1.72E-04 3.44E-03 1.37E-03 5.44E-04 1.68E-02 1.12E-03 1.19E-03 -0.645
137 120 0.4 2.650 0.445 0.360 0.675 1.64E-02 4.15E-02 6.82E-02 5.50E-04 3.16E-04 4.04E-04 4.54E-03 1.67E-03 1.83E-03 2.06E-02 1.38E-03 2.86E-03 -0.758
138 120 0.5 2.648 0.536 0.433 0.751 1.39E-02 3.54E-02 4.02E-02 2.10E-04 2.24E-04 3.75E-04 1.44E-03 6.80E-04 3.64E-03 4.13E-03 1.19E-03 2.50E-03 -0.649
139 120 0.6 2.701 0.599 0.454 0.694 1.55 E-02 3.63 E-02 3.96E-02 2.80E-04 2.41 E-04 3.77E-04 1.71 E-03 8.37E-04 2.83E-03 2.45E-03 1.82 E-03 1.86E-03 -0.538
140 120 0.7 2.705 0.662 0.475 0.641 1.72E-02 3.87E-02 4.84E-02 2.42E-04 4.11 E-04 4.58E-04 1.53E-03 1.16E-03 2.56E-03 2.28E-03 4.07E-03 1.81 E-03 -0.583
141 140 0.3 2.713 0.336 0.229 0.452 1.60E-02 3.51 E-02 6.25 E-02 4.06E-04 3.01 E-04 2.16E-04 3.44E-03 1.65E-03 7.45E-04 1.79E-02 1.29E-03 8.41 E-04 -0.566
142 140 0.4 2.715 0.465 0.346 0.699 1.79E-02 4.05E-02 6.31 E-02 5.70E-04 3.49E-04 3.90E-04 3.95E-03 1.96E-03 1.50E-03 1.57E-02 1.66E-03 1.61 E-03 -0.658
143 140 0.5 2.711 0.541 0.407 0.724 1.46E-02 3.22E-02 3.95E-02 2.57E-04 2.72E-04 2.70E-04 1.58E-03 7.45E-04 1.08E-03 3.92E-03 1.51 E-03 8.12E-04 -0.553
144 140 0.6 2.737 0.609 0.430 0.675 1.71 E-02 3.58 E-02 4.52E-02 2.58E-04 3.24E-04 3.78E-04 1.28E-03 8.47E-04 1.61 E-03 2.86E-03 1.80E-03 9.56E-04 -0.484
145 140 0.7 2.750 0.685 0.445 0.645 2.02E-02 3.67E-02 5.49E-02 3.56E-04 4.21 E-04 5.11 E-04 1.41 E-03 1.08E-03 1.90E-03 2.76E-03 4.60E-03 1.87E-03 -0.360
146 160 0.3 2.752 0.329 0.221 0.423 1.67E-02 3.60E-02 6.49E-02 4.66E-04 3.42E-04 2.92E-04 3.13E-03 1.85E-03 1.04E-03 1.84E-02 1.54E-03 1.25E-03 -0.559
147 160 0.4 2.743 0.443 0.334 0.621 1.70E-02 3.70E-02 6.32E-02 5.57E-04 3.31 E-04 2.90E-04 3.29E-03 1.53E-03 1.17E-03 1.71 E-02 1.83E-03 1.08E-03 -0.532
148 160 0.5 2.727 0.532 0.393 0.683 1.56E-02 3.46E-02 3.86E-02 2.31 E-04 3.33E-04 3.21 E-04 1.40E-03 9.30E-04 1.62E-03 3.18E-03 1.35E-03 8.86E-04 -0.490
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111 -0.176 -0.141 -0.728 -0.258 -0.010 -1.015 -0.226 0.244 0.228 0.025 2.394
112 -0.013 -0.233 -0.825 0.205 -0.377 -1.032 0.053 -0.020 0.228 0.025 2.394
113 -0.003 -0.339 -0.747 0.450 -0.701 -0.605 -0.152 -0.242 0.228 0.025 2.394
114 -0.085 -0.309 -0.757 0.389 -0.630 -0.516 -0.325 -0.158 0.228 0.025 2.394
115 -0.102 -0.374 -0.80'1 0.540 -0.737 -0.455 -0.435 -0.108 0.228 0.025 2.394
116 -0.186 -0.199 -0.688 -0.250 -0.057 -0.993 -0.288 0.286 0.228 0.025 2.394
117 -0.127 -0.223 -0.675 -0.033 -0.289 -0.853 -0.324 0.178 0.228 0.025 2.394
118 -0.155 -0.358 -0.463 0.025 -0.560 -0.451 -0.474 -0.074 0.228 0.025 2.394
119 -0.212 -0.337 -0.393 0.010 -0.616 -0.288 -0.555 -0.156 0.228 0.025 2.394
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121 -0.158 -0.154 -0.645 -0.170 -0.177 -0.978 -0.319 0.305 0.228 0.025 2.394
122 -0.169 -0.244 -0.607 -0.185 -0.203 -0.728 -0.552 0.283 0.228 0.025 2.394
123 -0.039 -0.263 -0.699 0.053 -0.350 -0.479 -0.554 0.035 0.228 0.025 2.394
124 -0.151 -0.213 -0.666 -0.022 -0.308 -0.356 -0.695 0.053 0.228 0.025 2.394
125 -0.277 -0.244 -0.527 -0.131 -0.339 -0.310 -0.686 -0.002 0.228 0.025 2.394
126 0.283 -0.275 -1.171 0.455 -0.279 -1.363 0.876 -0.511 0.262 0.031 2.445
127 0.305 -0.192 -1.346 0.543 -0.193 -1.386 0.620 -0.233 0.262 0.031 2.445
i l i ■ I M I «#102 282 : 0641 M l i i i i » ¡ 1 1 1 1 ® ■ ¡ i Ä Ü » WÊM 2 445
129 0.152 -0.121 -1.184 0.466 -0.280 -1.050 0.025 0.026 0.262 0.031 2.445
130 0.104 -0.174 -1.045 0.343 -0.296 -0.927 -0.173 0.101 0.262 0.031 2.445
131 -0.087 -0.250 -0.756 0.173 -0.415 -0.841 0.003 -0.161 0.262 0.031 2.445
132 1.096 -0.655 -1.378 0.994 -0.612 -1.409 1.014 -0.604 0.262 0.031 2.445
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134 1.336 -0.760 -1.657 1.497 -0.837 -1.287 0.751 -0.461 0.262 0.031 2.445
135 1.104 -0.670 -1.543 1.330 -0.784 -1.149 0.542 -0.390 0.262 0.031 2.445
136 -0.162 -0.192 -0.709 -0.180 -0.106 -0.953 -0.162 0.119 0.262 0.031 2.445
137 0.005 -0.247 -0.857 0.291 -0.431 -0.960 0.137 -0.176 0.262 0.031 2.445
138 -0.077 -0.274 -0.906 0.512 -0.604 -0.647 -0.162 -0.190 0.262 0.031 2.445
139 -0.163 -0.299 -0.794 0.418 -0.623 -0.474 -0.361 -0.164 0.262 0.031 2.445
140 -0.132 -0.285 -0.809 0.397 -0.586 -0.544 -0.286 -0.168 0.262 0.031 2.445
141 -0.257 -0.176 -0.697 -0.179 -0.117 -0.844 -0.385 0.234 0.262 0.031 2.445
142 -0.052 -0.28S -0.763 0.158 -0.391 -0.751 -0.252 0.005 0.262 0.031 2.445
143 -0.146 -0.301 -0.621 0.211 -0.589 -0.466 -0.171 -0.362 0.262 0.031 2.445
144 -0.216 -0.297 -0.634 0.244 -0.608 -0.296 -0.427 -0.276 0.262 0.031 2.445
145 -0.355 -0.284 -0.577 0.121 -0.542 -0.279 -0.556 -0.162 0.262 0.031 2.445
146 -0.25S -0.182 -0.587 -0.287 -0.117 -0.812 -0.395 0.213 0.262 0.031 2.445
147 -0.246 -0.222 -0.628 -0.121 -0.247 -0.559 -0.512 0.073 0.262 0.031 2.445
148 -0.172 -0.337 -0.472 -0.016 -0.510 -0.397 -0.535 -0.067 0.262 0.031 2.445
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149 160 0.6 2.750 0.610 0.411 0.651 1.82E-02 3.51 E-02 4.33E-02 2.70E-04 4.17E-04 3.60E-04 1.43E-03 1.22E-03 1.98E-03 2.33E-03 2.10E-03 1.00E-03 -0.568
150 160 0.7 2.785 0.675 0.434 0.612 2.10E-02 4.06E-02 6.04E-02 3.05E-04 4.82E-04 4.11 E-04 1.42E-03 1.34E-03 2.35E-03 3.28E-03 4.40E-03 1.82E-03 -0.278
151 80 0.3 2.069 0.333 0.234 0.489 1.41E-02 2.96E-02 4.55E-02 3.79E-04 2.73E-04 4.12E-04 2.05E-03 1.57E-03 1.09E-03 7.02E-03 1.34E-03 3.57E-03 -0.962
152 80 0.4 2.044 0.475 0.395 0.819 2.00E-02 5.75E-02 7.08E-02 1.02E-03 7.87E-04 4.26E-04 8.49E-03 9.67E-03 1.29E-03 2.22E-02 4.54E-03 2.21 E-03 -1.177
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154 80 0.6 2.031 0.608 0.508 0.815 1.38E-02 3.40 E-02 3.21 E-02 2.13E-04 4.65E-04 2.57E-04 7.27E-04 4.56E-03 9.88E-04 2.23E-03 3.12E-03 6.60E-04 -0.946
155 80 0.7 2.129 0.677 0.538 0.757 1.46E-02 3.36E-02 3.36E-02 2.53E-04 4.62E-04 3.27E-04 6.31 E-04 4.17E-03 1.45 E-03 2.10E-03 3.06E-03 1.25E-03 -0.951
156 100 0.3 2.267 0.304 0.213 0.405 1.01 E-02 1.98 E-02 2.76E-02 1.28E-04 1.30E-04 1.02E-04 6.94E-04 4.66E-04 4.17E-04 2.04E-03 6.02E-04 8.47E-04 -0.571
157 100 0.4 2.350 0.429 0.344 0.656 1.35E-02 2.91 E-02 3.90E-02 2.69E-04 2.24E-04 3.90E-04 1.32E-03 1.13E-03 1.40 E-03 3.84E-03 9.80E-04 2.64E-03 -0.894
158 100 0.5 2.516 0.540 0.445 0.806 4.01 E-02 7.29E-02 6.60E-02 2.26E-04 3.13E-04 8.33 E-03 1.05 E-03 1.10E-03 2.79E-02 3.22E-03 1.76E-03 2.04E-02 -1.652
159 100 0.6 2.482 0.612 0.478 0.766 3.37E-02 6.11 E-02 5.50E-02 2.72E-04 3.44E-04 5.25E-03 8.34E-04 1.52E-03 1.77E-02 2.23E-03 1.75E-03 1.14E-02 -1.545
160 100 0.7 2.492 0.720 0.493 0.782 3.45E-02 6.03E-02 6.81 E-02 4.15E-04 1.17E-03 5.41 E-03 2.37E-03 5.65E-03 1.38E-02 3.83E-03 1.01 E-02 1.38E-02 -1.496
161 120 0.3 2.494 0.339 0.207 0.467 1.41 E-02 2.84E-02 4.18E-02 3.54E-04 2.02E-04 1.92E-04 1.67E-03 6.84E-04 7.64E-04 6.30E-03 9.83E-04 1.02E-03 -0.616
162 120 0.4 2.536 0.460 0.335 0.704 1.85E-02 4.29E-02 6.48E-02 9.24E-04 3.28E-04 5.64E-04 5.68E-03 1.77E-03 2.99E-03 2.01 E-02 1.33E-03 4.12E-03 -0.813
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164 120 0.6 2.543 0.635 0.446 0.767 2.53E-02 6.10E-02 5.73E-02 3.74E-04 3.41 E-04 2.37E-03 1.26E-03 1.13E-03 í .67E-02 2.53E-03 1.97E-03 1.30E-02 -1.195
165 120 0.7 2.570 0.708 0.467 0.727 2.74E-02 6.23E-02 6.42E-02 4.46E-04 5.32E-04 3.11 E-03 1.82E-03 1.99E-03 1.92E-02 3.61 E-03 3.13E-03 1.29E-02 -1.162
166 140 0.3 2.540 0.331 0.197 0.441 1.53E-02 3.10E-02 4.70E-02 5.22E-04 2.51 E-04 2.39E-04 2.41 E-03 8.37E-04 1.14E-03 9.44E-03 1.04E-03 8.40E-04 -0.634
167 140 0.4 2.539 0.459 0.317 0.690 1.81 E-02 4.42E-02 7.60E-02 7.07 E-04 3.39 E-04 4.59E-04 6.14E-03 1.50E-03 1.80E-03 2.54E-02 1.84E-03 2.51 E-03 -0.762
168 140 0.5 2.583 0.546 0.395 0.757 1.55E-02 3.83E-02 3.77 E-02 3.28E-04 2.81 E-04 2.82E-04 1.85E-03 7.70E-04 1.96E-03 3.77E-03 1.43 E-03 1.30E-03 -0.657
169 140 0.6 2.610 0.623 0.423 0.717 1.73E-02 3.99E-02 4.42E-02 3.54E-04 3.57E-04 4.74E-04 2.06E-03 1.07E-03 3.18E-03 2.83E-03 2.01 E-03 3.08E-03 -0.651
170 140 0.7 2.630 0.690 0.437 0.678 2.13E-02 4.75E-02 5.16E-02 4.42E-04 7.39E-04 4.80E-04 1.68E-03 2.46E-03 4.24E-03 2.86E-03 3.42E-03 2.94E-03 -0.675
171 160 0.3 2.566 0.325 0.185 0.412 1.59E-02 3.41 E-02 5.21 E-02 4.93E-04 3.05 E-04 2.15E-04 2.61 E-03 1.66E-03 1.07E-03 1.11 E-02 2.03E-03 7.66E-04 -0.587
172 160 0.4 2.603 0.443 0.308 0.641 1.68E-02 3.63E-02 5.75E-02 5.92E-04 2.93E-04 2.87E-04 2.55E-03 1.01 E-03 1.62E-03 1.15E-02 1.46 E-03 1.08E-03 -0.570
173 160 0.5 2.601 0.540 0.372 0.726 1.54E-02 3.43E-02 3.58E-02 2.66E-04 2.92E-04 2.82E-04 1.07E-03 7.96E-04 1.38E-03 1.97E-03 1.40 E-03 8.54E-04 -0.568
174 160 0.6 2.644 0.618 0.394 0.693 1.64E-02 3.52E-02 3.88E-02 2.98E-04 4.00E-04 3.23E-04 1.28E-03 1.11 E-03 2.02E-03 2.05E-03 1.98E-03 1.15E-03 -0.504
175 160 0.7 2.654 0.691 0.420 0.660 2.14E-02 4.91 E-02 5.93E-02 5.24E-04 6.53E-04 5.68E-04 2.39E-03 2.50E-03 4.25E-03 5.09E-03 5.45E-03 2.78E-03 -0.628
176 80 0.3 2.610 0.325 0.240 0.473 1.48E-02 2.53E-02 4.23E-02 2.32E-04 2.04E-04 3.13E-04 1.33E-03 9.29E-04 7.51 E-04 4.17E-03 1.25E-03 2.80E-03 -0.700
177 80 0.4 2.565 0.465 0.406 0.788 2.70E-02 5.55E-02 7.32E-02 8.23E-04 7.06E-04 2.47E-03 5.40E-03 5.36E-03 5.92E-03 1.58E-02 3.16E-03 5.71 E-03 -1.408
178 8C 0.5 2.548 0.560 0.501 0.889 1.92E-02 5.54E-02 4.79E-02 4.86E-04 9.99E-04 2.55 E-04 2.70E-03 1.50E-02 9.54E-04 5.81 E-03 6.20E-03 1.29E-03 -1.087
179 80 0.6 2.513 0.631 0.532 0.844 1.81 E-02 4.06E-02 4.22E-02 3.72E-04 6.28E-04 2.55E-04 2.63E-03 4.74E-03 1.06E-03 4.37E-03 3.00E-03 1.01 E-03 -0.948
180 80 0.7 2.636 0.695 0.551 0.769 1.76E-02 4.08E-02 3.95E-02 2.34E-04 4.14E-04 2.70E-04 9.73E-04 5.89E-03 1.16E-03 1.76E-03 3.80E-03 6.50E-04 -0.779
181 100 0.3 2.651 0.312 0.222 0.421 1.33E-02 2.54E-02 3.85E-02 3.21 E-04 2.04E-04 1.34E-04 2.09E-03 6.69E-04 4.37E-04 5.07E-03 1.01 E-03 7.94E-04 -0.445
182 100 0.4 2.628 0.449 0.37C 0.709 2.10E-02 4.09E-02 7.17E-02 7.07E-04 2.73E-04 8.97E-04 2.86E-03 1.24E-03 3.81 E-03 1.13E-02 1.17E-03 8.94E-03 -0.941
183 100 0.5 2.656 0.546 0.461 0.809 3.34E-02 6.20E-02 6.96E-02 3.87E-04 3.73E-04 5.01 E-03 2.01 E-03 1.78E-03 1.77 E-02 4.14E-03 1.89E-03 1.96E-02 -1.407
184 100 0.6 2.630 0.615 0.496 0.764 3.42E-02 6.91 E-02 6.48E-02 5.10E-04 3.29E-04 4.79E-03 3.32E-03 1.20E-03 2.19E-02 5.12E-03 1.90E-03 1.47E-02 -1.440
185 100 0.7 2.689 0.676 0.516 0.697 2.13E-02 5.04E-02 5.95E-02 3.22E-04 4.54E-04 1.65E-03 1.39E-03 1.25E-03 1.21 E-02 2.13E-03 1.86E-03 1.54E-02 -0.914
186 120 0.3 2.694 0.318 0.211 0.418 1.18E-02 2.38E-02 3.26 E-02 2.08E-04 1.78 E-04 1.35E-04 9.76E-04 6.84E-04 5.53 E-04 3.42E-03 9.76E-04 4.53E-04 -0.453
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1 No 1st A R  Fy 1st AR  Fz 2nd A R  Fx 2nd AR  Fy 2nd AR  Fz 3rd AR  Fx 3rd A R  Fy 3rd A R  Fz K T
mm
FW
mm
C W  A 
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149 -0.198 -0.234 -0.572 -0.012 -0.414 -0.395 -0.572 -0.032 0.262 0.031 2.445
150 -0.409 -0.312 -0.449 0.003 -0.551 -0.187 -0.655 -0.155 0.262 0.031 2.445
151 0.229 -0.266 -1.104 0.396 -0.287 -1.174 0.531 -0.355 0.300 0.034 2.508
152 0.391 -0.214 -1.509 0.830 -0.316 -1.537 0.914 -0.376 0.300 0.034 2.508
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154 0.125 -0.178 -1.345 0.702 -0.356 -1.168 0.323 -0.155 0.300 0.034 2.508
155 0.156 -0.205 -1.103 0.325 -0.220 -1.131 0.280 -0.149 0.300 0.034 2.508
156 -0.187 -0.242 -0.672 -0.088 -0.237 -0.853 -0.026 -0.119 0.300 0.034 2.508
157 0.200 -0.305 -0.993 0.487 -0.492 -1.091 0.567 -0.475 0.300 0.034 2.508
158 1.473 -0.821 -1.642 1.470 -0.825 -1.515 1.204 -0.688 0.300 0.034 2.508
159 1.274 -0.728 -1.543 1.296 -0.751 -1.368 0.912 -0.542 0.300 0.034 2.508
160 1.157 -0.661 -1.374 0.955 -0.576 -1.373 0.812 -0.437 0.300 0.034 2.508
161 -0.128 -0.255 -0.678 0.034 -0.351 -0.903 -0.124 0.030 0.300 0.034 2.508
162 0.097 -0.283 -0.975 0.501 -0.523 -0.975 0.254 -0.2.77 0.300 0.034 2.508
» M l illi» WÊSSM MMNI ¡H t
164 0.707 -0.512 -1.390 1.162 -0.769 -1.105 0.596 -0.489 0.300 0.034 2.508
165 0.627 -0.464 -1.292 0.976 -0.681 -1.059 0.502 -0.440 0.300 0.034 2.508
166 -0.164 -0.202 -0.720 0.022 -0.296 -0.855 -0.308 0.166 0.300 0.034 2.508
167 0.022 -0.259 -0.826 0.260 -0.429 -0.917 -0.012 -0.070 0.300 0.034 2.508
168 0.051 -0.393 -0.777 0.485 -0.706 -0.627 -0.165 -0.207 0.300 0.034 2.508
169 -0.021 -0.327 -0.790 0.424 -0.631 -0.589 -0.053 -0.356 0.300 0.034 2.508
170 -0.069 -0.256 -0.858 0.452 -0.591 -0.582 -0.256 -0.160 0.300 0.034 2.508
171 -0.243 -0.169 -0.716 -0.090 -0.183 -0.849 -0.370 0.224 0.300 0.034 2.508
172 -0.232 -0.197 -0.626 0.020 -0.390 -0.593 -0.531 0.126 0.300 0.034 2.508
173 -0.099 -0.333 -0.486 0.071 -0.583 -0.495 -0.378 -0.127 0.300 0.034 2.508
174 -0.248 -0.248 -0.577 0.053 -0.474 -0.433 -0.548 -0.017 0.300 0.034 2.508
175 -0.117 -0.255 -0.829 0.408 -0.575 -0.548 -0.314 -0.134 0.300 0.034 2.508
176 0.018 -0.317 -0.809 0.151 -0.339 -0.930 0.140 -0.207 0.316 0.037 2.570
177 0.978 -0.569 -1.528 1.088 -0.555 -1.400 0.900 -0.499 0.316 0.037 2.570
178 0.239 -0.151 -1.532 0.860 -0.324 -1.288 0.472 -0.184 0.316 0:037 2.570
179 0.150 -0.202 -1.330 0.644 -0.312 -1.073 0.136 -0.062 0.316 0.037 2.570
18C 0.011 -0.231 -1.047 0.287 -0.238 -0.774 -0.319 0.095 0.316 0.037 2.570
181 -0.273 -0.281 -0.606 -0.115 -0.276 -0.626 -0.403 0.031 0.316 0.037 2.570
182 0.282 -0.34C -1.076 0.637 -0.558 -1.156 0.705 -0.548 0.316 0.037 2.570
183 1.016 -0.607 -1.495 1.247 -0.749 -1.201 0.711 -0.508 0.316 0.037 2.570
184 1.109 -0.668 -1.527 1.316 -0.786 -1.221 0.713 -0.490 0.316 0.037 2.570
185 0.282 -0.368 -1.242 0.939 -0.694 -1.006 0.485 -0.476 0.316 0.037 2.570
186 -0.314 -0.235 -0.488 -0.326 -0.181 -0.572 -0.482 0.055 0.316 0.037 2.570
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No 1 Vel
1 m/min
Feed
mm/re\
AErm s
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz S p e d  Fx S p e d  Fy S p e d  Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH Fz 1st AR Fx
187 120 0.4 2.664 0.465 0.340 0.703 2.16Ê-02 4.88E-02 8.08E-02 7.39E-04 5.02E-04 1.02E-03 6.46 E-03 3.41 E-03 3.00E-03 2.54E-02 2.50E-03 5.34E-03 -0.947
188 120 0.5 2.640 0.562 0.414 0.795 1.39E-02 3.46E-02 3.14E-02 2.08E-04 2.65E-04 3.34E-04 1.09 E-03 8.49 E-04 2.42 E-03 2.55E-03 1.27E-03 1.16E-03 -0.636
189 120 0.6 2.693 0.638 0.441 0.756 1.57E-02 3.87E-02 3.82E-02 2.61 E-04 3.49 E-04 3.62E-04 1.56E-03 9.41 E-04 2.15E-03 2.08E-03 1.83E-03 1.18E-03 -0.626
190 120 0.7 2.748 0.694 0.478 0.683 1.85E-02 4.84E-02 4.86E-02 2.92E-04 4.85E-04 6.22 E-04 1.78E-03 2.06E-03 7.05E-03 2.73E-03 3.14E-03 4.70E-03 -0.700
191 140 0.3 2.711 0.321 0.204 0.417 1.34E-02 2.67 E-02 4.46E-02 3.14E-04 1.97E-04 1.67E-04 1.60E-03 8.83E-04 5.75E-04 9.38E-03 1.52E-03 6.95E-04 -0.400
192 140 0.4 2.684 0.460 0.335 0.693 1.79E-02 3.82E-02 7.14E-02 5.70E-04 3.16E-04 2.53E-04 3.71 E-03 1.23E-03 1.21 E-03 1.99E-02 1.46E-03 1.11 E-03 -0.531
193 140 0.5 2.710 0.557 0.395 0.772 1.54E-02 3.44E-02 4.72E-02 2.67E-04 2.81 E-04 3.22E-04 1.40E-03 1.11 E-03 1.38E-03 4.69E-03 1.35E-03 1.10E-03 -0.532
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195 140 0.7 2.753 0.687 0.456 0.646 1.97E-02 4.67E-02 5.37Ë-02 3.00E-04 6.67E-04 5.01 E-04 2.53E-03 2.47 E-03 2.77 E-03 3.37E-03 5.03E-03 1.52E-03 -0.577
196 160 0.3 2.706 0.316 0.195 0.388 1.94E-02 4.39E-02 7.88E-02 9.06E-04 4.51 E-04 3.42E-04 5.85E-03 3.13E-03 1.17E-03 2.43E-02 4.05E-03 2.07E-03 -0.655
197 160 0.4 2.696 0.453 0.318 0.655 2.15E-02 4.89E-02 8.75E-02 9.76E-04 4.48E-04 4.15E-04 6.28E-03 2.99E-03 1.72E-03 2.82E-02 2.61 E-03 1.83E-03 -0.587
198 160 0.5 2.702 0.537 0.395 0.712 1.58E-02 3.63E-02 4.39E-02 2.04E-04 2.95 E-04 2.90E-04 9.10E-04 8.66E-04 1.43E-03 3.12E-03 1.61 E-03 6.45E-04 -0.461
199 160 0.6 2.753 0.610 0.415 0.675 1.79E-02 3.94E-02 4.39E-02 2.47E-04 4.03E-04 4.03E-04 1.31 E-03 1.43E-03 2.39E-03 2.43E-03 2.44E-03 1.22E-03 -0.445
200 160 0.7 2.778 0.688 0.440 0.641 2.60E-02 5.02E-02 6.62E-02 4.71 E-04 8.65E-04 6.69E-04 3.30E-03 3.04E-03 3.40E-03 4.24E-03 7.05E-03 2.35E-03 -0.444
201 80 0.3 2.575 0.352 0.242 0.562 1.79E-02 3.83 E-02 5.62E-02 5.61 E-04 4.02E-04 6.94E-04 3.15E-03 2.93E-03 1.93E-03 1.17E-02 1.91 E-03 3.94E-03 -1.142
202 80 0.4 2.531 0.485 0.421 0.897 2.28E-02 5.98E-02 8.15E-02 1.29E-03 1.00E-03 4.95E-04 8.32E-03 1.23E-02 1.52E-03 3.39E-02 6.81 E-03 2.05E-03 -1.233
203 80 0.5 2.519 0.579 0.530 0.976 1.96E-02 5.18E-02 5.80E-02 6.49 E-04 1.09E-03 4.42E-04 4.52E-03 9.92E-03 1.61 E-03 1.31 E-02 6.75E-03 2.23E-03 -1.127
204 80 0.6 2.484 0.653 0.568 0.918 1.87E-02 4.20E-02 5.02E-02 7.10E-04 6.16E-04 3.68E-04 3.55E-03 4.24E-03 1 66E-03 8.86E-03 4.15E-03 1.84E-03 -1.060
205 80 0.7 2.543 0.718 0.583 0.851 1.69E-02 4.03E-02 3.83E-02 4.38E-04 6.15E-04 3.08E-04 2.00E-03 4.54E-03 1.34E-03 3.75E-03 2.53E-03 1.13E-03 -0.939
206 100 0.3 2.632 0.319 0.214 0.457 1.12E-02 2.35E-02 2.50E-02 1.15E-04 1.47E-04 1.65E-04 6.90 E-04 6.22E-04 5.87E-04 1.18E-03 7.78E-04 7.00E-04 -0.581
207 100 0.4 2.640 0.464 0.382 0.775 2.31 E-02 4.86E-02 7.34E-02 5.74E-04 3.96E-04 1.61E-03 3.45E-03 2.70E-03 5.85E-03 1.53E-02 2.09E-03 1.24E-02 -1.250
208 100 0.5 2.664 0.570 0.481 0.921 3.15E-02 5.80E-02 8.28E-02 3.95E-04 3.45E-03 1.70E-03 1.84E-03 1.42E-02 4.01 E-03 4.62E-03 3.15E-02 4.83E-03 -1.426
209 100 0.6 2.626 0.643 0.517 0.863 3.66E-02 6.56E-02 6.24E-02 2.70E-04 7.62E-04 6.51 E-03 1.54E-03 3.19E-03 1.94 E-02 2.73E-03 4.85E-03 1.35E-02 -1.569
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211 120 0.3 2.685 0.336 0.217 0.468 î .54E-02 3.38E-02 5.31 E-02 3.77Ë-04 2.56E-04 3.37E-04 2.33Ë-03 1.51 E-03 1.34E-03 1.42Ë-02 1.77É-03 1.23E-03 -0.580
212 120 0.4 2.660 0.477 0.354 0.777 2.17E-02 5.06E-02 8.85E-02 7.30E-04 4.14E-04 9.98E-04 5.82E-03 2.56E-03 3.58E-03 2.53E-02 2.20E-03 5.88E-03 -0.944
213 120 0.5 2.697 0.590 0.456 0.910 2.88E-02 6.53E-02 8.18E-02 7.55E-04 4.74E-04 4.16 E-03 4.09E-03 3.16E-03 1.88E-02 1.34E-02 2.94E-03 1.90E-02 -1.279
214 120 0.6 2.682 0.643 0.491 0.816 2.55E-02 6.41 E-02 7.53E-02 4.51 E-04 3.22E-04 3.41 E-03 3.10E-03 1.45 E-03 2.15E-02 4.87E-03 2.27E-03 3.01 E-02 -1.140
215 120 0.7 2.729 0.718 0.511 0.765 2.90E-02 6.49 E-02 7.33E-02 2.84E-04 6.08E-04 3.18E-03 2.38E-03 2.40E-03 1.52E-02 2.26E-03 2.80E-03 2.48E-02 -1.141
216 140 0.3 2.711 0.332 0.212 0.444 1.86E-02 3.99 E-02 6.93E-02 6.07E-04 5.38 E-04 2.59 E-04 3.28E-03 3.07E-03 8.69E-04 2.12E-02 3.84E-03 1.57E-03 -0.656
217 140 0.4 2.700 0.476 0.347 0.751 2.44E-02 5.50E-02 9.91 E-02 1 25E-03 6.30E-04 1.02 E-03 6.69E-03 4.16 E-03 3.46E-03 4.22E-02 3.30E-03 6.53E-03 -0.791
218 140 0.5 2.703 0.556 0.431 0.812 1.66E-02 3.92E-02 4.53E-02 3.32E-04 3.58 E-04 4.89E-04 2.33E-03 1.37E-03 2.95E-03 6.79E-03 2.00E-03 2.29E-03 -0.675
219 140 0.6 2.740 0.625 0.454 0.759 1.73E-02 4.07E-02 4.30E-02 2.75E-04 3.13E-04 4.26E-04 1.67E-03 1.45E-03 2.26E-03 2.46E-03 1.76E-03 1.68E-03 -0.626
220 140 0.7 2.790 0.712 0.479 0.735 2.50 E-02 5.37E-02 6.23 E-02 4.31 E-04 8.01 E-04 9.04E-04 2.39E-03 2.87E-03 5.80E-03 3.95E-03 3.36E-03 6.12E-03 -0.735
221 160 0.3 2.730 0.326 0.204 0.412 2.10E-02 4.61 E-02 7.02E-02 6.10E-04 9.00E-04 4.25E-04 2.59E-03 5.81 E-03 1.54E-03 2.06E-02 4.40E-03 1.91 E-03 -0.634
222 160 0.4 2.723 0.461 0.326 0.680 2.54E-02 5.64E-02 1.04E-01 1.47E-03 7.30E-04 7.20E-04 7.94E-03 4.26E-03 2.50E-03 5.06E-02 4.52E-03 5.41 E-03 -0.714
223 160 0.5 2.712 0.549 0.41 1 0.767 1.57E-02 3.51 E-02 3.85 E-02 2.29E-04 3.16E-04 3.15E-04 1.24E-03 1.22E-03 1.57E-03 1.87E-03 1.83E-03 9.10E-04 -0.490
224 160 0.6 2.765 0.618 0.444 0.717 Í.75E-02 3.88E-02 4.59E-02 2.87 E-04 4.04E-04 5.07E-04 1.38 E-03 1.33E-03 2.23E-03 3.71 E-03 2.47E-03 1.63E-03 -0.565
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No 11st AR Fy 1st AR Fz 2nd AR Fx 2nd AR  Fy 2nd A R  Fz 3rd AR  Fx 3rd AR  Fy 3rd AR Fz K T
mm
FW
mm
C W  A 
mm“
1871 0.239 -0.290 -1.006 0.376 -0.365 -0.979 0.124 -0.143 0.316 0.037 2.570
188 -0.055 -0.309 -0.804 0.469 -0.663 -0.512 -0.389 -0.099 0.316 0.037 2.570
189| -0.059 -0.314 -0.631 0.135 -0.501 -0.470 -0.337 -0.191 0.316 0.037 2.570
190 -0.027 -0.273 -0.987 0.624 -0.634 -0.630 -0.167 -0.201 0.316 0.037 2.570
191 -0.411 -0.188 -0.465 -0.435 -0.095 -0.673 -0.477 0.154 0.316 0.037 2.570
192 -0.207 -0.261 -0.677 0.056 -0.376 -0.617 -0.461 0.079 0.316 0.037 2.570
193 -0.152 -0.315 -0.544 0.049 -0.504 -0.484 -0.403 -0.112 0.316 0.037 2.570
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195 -0.158 -0.264 -0.709 0.268 -0.556 -0.442 -0.353 -0.202 0.316 0.037 2.570
196 -0.248 -0.096 -0.758 -0.231 0.006 -0.969 -0.255 0.237 0.316 0.037 2.570
197 -0.239 -0.173 -0.765 -0.043 -0.185 -0.781 -0.408 0.192 0.316 0.037 2.570
198 -0.172 -0.367 -0.480 0.092 -0.610 -0.393 -0.471 -0.135 0.316 0.037 2.570
199 -0.255 -0.299 -0.535 0.024 -0.487 -0.366 -0.497 -0.136 0.316 0.037 2.570
200 -0.296 -0.259 -0.688 0.111 -0.419 -0.367 -0.546 -0.083 0.316 0.037 2.570
201 0.516 -0.373 -1.161 0.516 -0.348 -1.298 0.710 -0.409 0.332 0.046 2.658
202 0.504 -0.271 -1.506 0.816 -0.306 -1.475 0.721 -0.245 0.332 0.046 2.658
203 0.295 -0.168 -1.416 0.617 -0.198 -1.328 0.437 -0.109 0.332 0.046 2.658
204 0.279 -0.219 -1.248 0.517 -0.267 -1.256 0.427 -0.170 0.332 0.046 2.658
205 0.095 -0.156 -1.013 0.169 -0.154 -1.033 0.104 -0.069 0.332 0.046 2.658
206 -0.125 -0.293 -0.686 0.102 -0.412 -0.671 -0.308 -0.020 0.332 0.046 2.658
207 0.767 -0.516 -1.311 0.895 -0.581 -1.333 0.970 -0.636 0.332 0.046 2.658
208 0.936 -0.510 -1.510 1.056 -0.542 -1.470 0.918 -0.445 0.332 0.046 2.658
209 1.318 -0.749 -1.549 1.289 -0.736 -1.371 0.877 -0.505 0.332 0.046 2.658
WM■ i 1 ■ -1.444 1 1t6 m m m WÈÊÊM IB B ÉHgflRm m m m
211 -0.134 -0.285 -0.678 -0.028 -0.287 -0.822 -0.309 0.134 0.332 0.046 2.658
212 0.310 -0.366 -0.963 0.351 -0.383 -1.040 0.281 -0.239 0.332 0.046 2.658
213 0.828 -0.548 -1.342 0.983 -0.636 -1.152 0.608 -0.454 0.332 0.046 2.658
214 0.631 -0.490 -1.366 1.107 -0.738 -1.142 0.715 -0.570 0.332 0.046 2.658
215 0.648 -0.506 -1.145 0.718 -0.568 -1.066 0.560 -0.491 0.332 0.046 2.658
216 -0.21 C -0.133 -0.788 -0.114 -0.086 -0.921 -0.286 0.215 0.332 0.046 2.658
217 0.071 -0.279 -0.857 0.177 -0.314 -0938 -0.067 0.009 0.332 0.046 2.658
218 0.013 -0.337 -0.848 0.462 -0.616 -0.595 -0.261 -0.143 0.332 0.046 2.658
219 -0.066 -0.308 -0.789 0.378 -0.586 -0.495 -0.279 -0.225 0.332 0.046 2.658
220 0.01C -0.274 -0.794 0.276 -0.478 -0.559 -0.203 -0.236 0.332 0.046 2.658
221 -0.247 -0.118 -0.798 -0.153 -0.032 -0.790 -0.395 0.194 0.332 0.046 2.658
222 -0.067 -0.218 -0.802 0.023 -0.214 -0.910 -0.182 0.097 0.332 0.046 2.658
223 -0.159 -0.351 -0.491 0.066 -0.573 -0.336 -0.436 -0.227 0.332 0.046 2.658
224 -0.148 -0.287 -0.631 0.153 -0.520 -0.459 -0.404 -0.135 0.332 0.046 2.658
264
No Val
m/mln
Feed
mm/rev
AErins
V
Fx
kN
Fy
kN
F z
kN
Std Fx Std Fy Std F z S p ed  Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH F y SpecH F i 1st AR Fx
225 160 0.7 2.815 0.711 0.460 0.698 2.26E-02 5.08E-02 5.47 E-02 3.88E-04 9.00E-04 8.37E-04 2.12E-03 4.06E-03 5.03E-03 3.19E-03 5.51 E-03 1.95E-03 -0.640
226 80 0.3 2.418 0.334 0.232 0.500 1.67E-02 3.33E-02 5.10E-02 4.91 E-04 3.52E-04 5.30E-04 2.03E-03 2.21 E-03 1.32E-03 9.26E-03 2.14E-03 3.12E-03 -1.061
227 80 0.4 2.410 0.500 0.437 0.930 2.35E-02 6.38E-02 9.29E-02 1.44E-03 8.95E-04 2.98E-04 9.89E-03 1.04E-02 1.16E-03 3.70E-02 7.79E-03 1.89E-03 -1.169
H ü I l i ■ i OÖ00 0552 mm I I 1 l i . « « W m t $ iiMöl SMI . mmm * m m i m
229 80 0.6 2.140 0.661 0.603 0.956 1.81E-02 4.63E-02 6.68E-02 7.83E-04 6.7ÖE-Ö4 3.37E-04 4.95E-03 5.39E-03 1.48Ë-03 i .76E-02 9.79E-03 1.65E-03 -1.070
230 80 0.7 2.251 0.721 0.628 0.876 1.78E-02 4.36E-02 4.80E-02 5.24E-04 6.57E-04 4.22E-04 2.47E-03 4.57E-03 2.38E-03 7.16E-03 4.22E-03 1.88E-03 -1.067
231 100 0.3 2.541 0.321 0.222 0.452 1.25E-02 2.48E-02 3.03E-02 2.26E-04 1.53E-04 1.83E-04 1.07E-03 5.09E-04 7.20E-04 2.81 E-03 9.13E-04 9.19E-04 -0.644
232 100 0.4 2.531 0.463 0.382 0.760 2.15E-02 4.71 E-02 6.44E-02 6.26E-04 5.87E-04 1.13E-03 3.59E-03 3.92E-03 4.44E-03 1.09E-02 2.19E-03 1.18E-02 -1.134
233 100 0.5 2.430 0.579 0.506 0.944 1.80Ë-02 3,99 E-02 4.61 E-02 3.79E-04 5.76E-04 7.10E-04 2.78E-03 4.45E-03 2.26E-03 8.87E-03 3.36E-03 1.82E-03 -1.115
234 100 0.6 2.432 0.648 0.553 0.877 2.43E-02 4.81 E-02 4.82E-02 5.59E-04 7.57E-04 1.77E-03 2.30E-03 4.68E-03 5.35E-03 4.31 E-03 4.96E-03 3.86E-03 -1.401
235 100 0.7 2.522 0.724 0.587 0.834 1.99E-02 5.29E-02 5.95E-02 4.14E-04 8.55E-04 7.78E-04 2.19E-03 9.18E-03 3.92E-03 4.11 E-03 1.31 E-02 2.89E-03 -1.106
236 120 0.3 2.585 0.343 0.219 0.458 1.47E-02 3.13E-02 4.39E-02 3.24E-04 2.86E-04 2.60E-04 1.74E-03 9.34E-04 1.29E-03 8.49E-03 1.18E-03 1.30E-03 -0.639
237 120 0.4 2.615 0.495 0.362 0.788 2.71 E-02 5.88E-02 9.12E-02 1.41E-03 7.75E-04 1.68E-03 7.83E-03 4.72E-03 5.83E-03 2.76E-02 3.65E-03 1.31 E-02 -1.182
238 120 0.5 2.534 0.617 0.481 0.974 3.52E-02 7.63E-02 1.03E-01 1.23E-03 1.43E-03 4.23E-03 7.85E-03 9.34E-03 1.45E-02 2.81 E-02 8.35E-03 1.38E-02 -1.451
239 120 0.6 2.542 0.655 0.500 0.857 7.90E-02 9.24E-02 1.15E-01 2.76E-03 5.79E-04 5.62E-03 6.51 E-03 2.47E-03 2.14E-02 3.13E-02 4.36E-03 2.00E-02 -1.427
240 120 0.7 2.604 0.751 0.551 0.828 4.15E-02 8.83E-02 8.06E-02 7.76E-04 5.42E-04 8.81 E-03 2.10E-03 2.25E-03 4.03E-02 5.76E-03 3.82E-03 2.73E-02 -1.474
241 140 0.3 2.647 0.359 0.222 0.469 2.03E-02 3.99E-02 6.07E-02 6.71 E-04 4.53E-04 5.00E-04 2.55E-03 2.45E-03 1.96E-03 1.29E-02 3.74E-03 2.79E-03 -0.636
242 140 0.4 2.629 0.489 0.338 0.724 2.74E-02 6.24E-02 1 08E-01 1.28E-03 6.84E-04 1.19E-03 8.40E-03 4.51E-03 3.70E-03 4.99E-02 3.61 E-03 9.33E-03 -0.910
243 140 0.5 2.573 0.587 0.455 0.855 1.87E-02 4.44E-02 5.88E-02 3.55E-04 3.75E-04 8.52E-04 1.63E-03 1.41 E-03 6.31 E-03 3.64E-03 2.17E-03 1.21 E-02 -0.832
244 140 0.6 2.584 0.665 0.491 0.803 2.19E-02 4.75E-02 6.65E-02 4.27E-04 3.77E-04 1.23E-03 2.21 E-03 1.38E-03 7.33E-03 5.45E-03 2.31 E-03 1.81 E-02 -0.931
245 140 0.7 2.680 0.742 0.519 0.764 2.79E-02 5.87E-02 7.29E-02 5.24E-04 6.42E-04 1.90E-03 1.99E-03 2.37E-03 9.88E-03 5.63E-03 4.03E-03 1.66E-02 -0.994
246 160 0.3 2.658 0.355 0.217 0.439 2.16E-02 4.56E-02 6.33E-02 7.01 E-04 7.49E-04 4.09E-04 2.76E-03 4.65E-03 2.23E-03 1.23E-02 3.86E-03 2.11 E-03 -0.644
247 160 0.4 2.668 0.481 0.328 0.678 2.69E-02 6.12E-02 1.12E-01 1.44E-03 6.51 E-04 1.11 E-03 9.34E-03 4.45E-03 4.01 E-03 5.11 E-02 5.31 E-03 8.81 E-03 -0.755
248 160 0.5 2.648 0.573 0.430 0.789 1.96E-02 4.53E-02 6.25E-02 5.52E-04 4.02E-04 5.58E-04 3.29E-03 1.77E-03 3.12E-03 1.19E-02 2.01 E-03 2.66E-03 -0.723
249 160 0.6 2.633 0.650 0.472 0.749 1 90E-02 4.39E-02 5.26E-02 4.15E-04 3.89E-04 4.95E-04 2.32E-03 1.48E-03 2.92E-03 4.41 E-03 2.66E-03 2.54E-03 -0.696
250 160 0.7 2.693 0.719 0.511 0.700 2.12E-02 5.27E-02 5.87E-02 3.75E-04 5.22E-04 8.05E-04 1.82E-03 1.72E-03 4.34E-03 4.22E-03 3.03E-03 3.00E-03 -0.647
251 80 0.3 2.453 0.294 0.208 0.391 1.22E-02 2.47 E-02 3.74E-02 3.03E-04 1.61 E-04 1.57E-04 1.13E-03 8.88E-04 4.57E-04 5.32E-03 8.79E-04 1.37E-03 -0.798
252 80 0.4 2.396 0.450 0.412 0.806 1 89E-02 5.02E-02 6.37 E-02 9.02E-04 6.61 E-04 3.34E-04 4.90E-03 7.40E-03 1.03E-03 1.92E-02 3.34E-03 1.32E-03 -1.116
253 80 0.5 2.277 0.531 0.547 0.925 1 58E-02 4.67E-02 8.65E-Û2 7.92E-04 3,71 E-04 1.75Ë-04 8.07E-03 4.06E-03 8.13E-04 2.83E-02 1.25E-02 8,41 E-04 -0.969
254 80 0.6 2.094 0.599 0.610 0.883 1.56E-02 4.08E-02 5.83E-02 6.38E-04 3.90E-04 1.59E-04 5.02E-03 3.96E-03 7.74E-04 1.80E-02 5.09E-03 8.43E-04 -1.003
255 80 0.7 2.182 0.660 0.649 0.812 1.59E-02 3.82E-02 5.17E-02 4.36E-04 5.32E-04 3.52E-04 2.35E-03 4.01 E-03 1.66E-03 8.85E-03 4.17E-03 1.29E-03 -1.078
256 100 0.3 2.568 0.276 0.209 0.363 1 06E-02 2.40E-02 3.25E-02 2.13E-04 1.20E-04 1.23E-04 1.60E-03 6.60E-04 3.71 E-04 4.13E-03 6.97E-04 6.91 E-04 -0.638
257 100 0.4 2.489 0.396 0.351 0.605 1.37E-02 3.17E-02 4.63E-02 2.47E-04 2.08E-04 2.96E-04 1.61 E-03 1.41 E-03 9.12E-04 5.41 E-03 1.01 E-03 1.99E-03 -0.831
258 100 0.5 2.423 0.513 0.521 0.859 1.58E-02 3.50E-02 3.57E-02 1.75E-04 4.61 E-04 7.32E-04 9.40E-04 3.17E-03 2.31 E-03 2.26E-03 3.05E-03 1.78E-03 -1.114
259 100 0.6 2.458 0.580 0.559 0.806 1.87E-02 4.10E-02 4.69E-02 2.73E-04 3.64Ë-04 9.17E-04 1.42E-Û3 3.55E-03 3.20E-03 4.23E-03 2.80E-03 2.81 E-03 -1,253
260 100 0.7 2.502 0.694 0.602 0.840 1 65E-02 4.40E-02 4.75E-02 3.47E-04 4.36E-04 5.28E-04 1.29E-03 6.35E-03 1.99E-03 5.19E-03 4.40E-03 1.76E-03 -0.921
261 120 0.3 2.656 0.325 0.207 0.456 1.43E-02 3.05E-02 3.78E-02 2.77E-04 2.38E-04 2.73E-04 1.60E-03 9.41 E-04 1.02E-03 4.29E-03 1.27E-03 1.35E-03 -0.647
262 120 0.4 2.610 0.484 0.358 0.820 2.96E-02 6.56E-02 9.55E-02 1.17E-03 1.09E-03 2.61 E-03 6.39E-03 9.54E-03 6.94E-03 2.56E-02 5.06E-03 1.32E-02 -1.329
265
No 11st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz KT
mm
FW
mm
CW A 
mm*
225 -0.122 -0.238 -0.731 0.137 -0.401 -0.435 -0.530 -0.033 0.332 0.046 2.658
226 0.375 -0.313 -1.063 0.344 -0.275 -1.150 0.403 -0.250 0.344 0.051 2.745
227 0.284 -0.115 -1.460 0.653 -0.189 -1.513 0.640 -0.125 0.344 0.051 2.745
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229 0.223 -0.152 -1.277 0.477 -0.198 -Î  .506 0.621 -0.114 0.344 0.051 2.745
230 0.276 -0.209 -1.247 0.543 -0.295 -1.248 0.377 -0.128 0.344 0.051 2.745
231 -0.101 -0.255 -0.685 0.065 -0.377 -0.729 -0.289 0.020 0.344 0.051 2.745
232 0.519 -0.385 -1.267 0.753 -0.483 -1.309 0.912 -0.602 0.344 0.051 2.745
233 0.437 -0.321 -1.295 0.686 -0.389 -1.122 0.257 -0.135 0.344 0.051 2.745
234 0.939 -0.538 -1.414 0.941 -0.525 -1.243 0.533 -0.289 0.344 0.051 2.745
235 0.455 -0.348 -1.280 0.700 -0.417 -1.324 0.636 -0.311 0.344 0.051 2.745
236 -0.088 -0.273 -0.661 0.034 -0.367 -0.836 -0.267 0.105 0.344 0.051 2.745
237 0.593 -0.410 -1.097 0.490 -0.385 -1.246 0.709 -0.461 0.344 0.051 2.745
238 1.050 -0.598 -1.417 0.957 -0.535 -1.336 0.788 -0.450 0.344 0.051 2.745
239 1.038 -0.610 -1.452 1.138 -0.681 -1.275 0.804 -0.526 0.344 0.051 2.745
240 1.165 -0.690 -1.439 1.141 -0.696 -1.276 0.826 -0.548 0.344 0.051 2.745
241 -0.154 -0.209 -0.699 -0.036 -0.254 -0.807 -0.245 0.056 0.344 0.051 2.745
242 0.241 -0.330 -0.907 0.252 -0.335 -1.109 0.373 -0.260 0.344 0.051 2.745
243 0.137 -0.305 -1.079 0.678 -0.596 -0.954 0.380 -0.425 0.344 0.051 2.745
244 0.300 -0.369 -1.060 0.647 -0.585 -1.038 0.538 -0.498 0.344 0.051 2.745
245 0.378 -0.384 -0.932 0.437 -0.501 -0.902 0.253 -0.347 0.344 0.051 2.745
246 -0.184 -0.171 -0.807 0.004 -0.181 -0.771 -0.342 0.119 0.344 0.051 2.745
247 0.014 -0.258 -0.779 0.049 -0.260 -0.979 0.044 -0.060 0.344 0.051 2.745
248 0.049 -0.325 -0.793 0.315 -0.519 -0.672 -0.187 -0.140 0.344 0.051 2.745
249 0.016 -0.320 -0.737 0.272 -0.534 -0.633 -0.193 -0.172 0.344 0.051 2.745
250 0.008 -0.361 -0 657 0.226 -0.566 -0.528 -0.104 -0.366 0.344 0.051 2.745
251 0.033 -0.235 -0.844 0.047 -0.200 -1.097 0.313 -0.214 0.389 0.056 2.849
252 0.232 -0.115 -1.470 0.683 -0.210 -1.430 0.536 -0.105 0.389 0.056 2.849
253 0.052 -0.083 -1.308 0.403 -0.094 -1.688 0.780 -0.090 0.389 0.056 2.849
254 0.069 -0.066 -1.325 0.447 -0.121 -1.519 0.547 -0.027 0.389 0.056 2.849
255 0.277 -0.19S -1.244 0.464 -0.219 -1.401 0.473 -0.071 0.389 0.056 2.849
256 -0.117 -0.245 -0.814 -0.018 -0.166 -0.867 -0.179 0.048 0.389 0.056 2.849
257 0.054 -0.223 -0.962 0.284 -0.320 -1.049 0.257 -0.207 0.389 0.056 2.849
258 0.482 -0.366 -1.315 0.750 -0.433 -1.079 0.250 -0.170 0.389 0.056 2.849
259 0.724 -0.471 -1.345 0.826 -0.479 -1.198 0.507 -0.307 0.389 0.056 2.849
260 0.173 -0.251 -1.238 0.522 -0.282 -0.938 -0.155 0.094 0.389 0.056 2.849
261 -0.011 -0.341 -0.728 0.096 -0.361 -0.847 -0.120 -0.031 0.389 0.056 2.849
262 0.842 -0.512 -1.341 0.785 -0.435 -1.371 0.893 -0.520 0.389 0.056 2.849
266
No 1 
1
Vel
m/min
Feed
nm /rev
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH F2 1 st AR Fx
263 120 0.5 2.490 0.594 0.492 0.984 3.18E-02 8.01 E-02 9.56E-02 1.83E-03 1.46E-03 2.01 E-03 9.47E-03 2.12E-02 6.37E-03 2.74E-02 1.49E-02 6.12E-03 -1.333
264 120 0.6 2.503 0.674 0.520 0.967 2.82E-02 5.89E-02 6.91 E-02 4.35E-04 9.43E-04 2.88E-03 1.75E-03 8.73E-03 8.01 E-03 5.35E-03 1.13E-02 9.01 E-03 -1.439
265 120 0.7 2.554 0.754 0.559 0.902 3.00E-02 6.28E-02 7.56E-02 7.43E-04 8.64E-04 2.29E-03 2.99E-03 6.54E-03 8.38E-03 1.14E-02 1.01 E-02 8.23E-03 -1.338
266 140 0.3 2.673 0.340 0.213 0.493 1.81 E-02 3.55E-02 5.29E-02 6.48E-04 3.35E-04 3.73E-04 2.46E-03 1.72E-03 1.36E-03 9.97E-03 1.91 E-03 1.77E-03 -0.659
267 140 0.4 2.683 0.453 0.338 0.716 2.82E-02 5.78E-02 8.61 E-02 6.09E-04 5.78E-04 3.26E-03 4.28E-03 4.31 E-03 9.29E-03 1.38E-02 2.50E-03 2.70E-02 -1.218
268 140 0.5 2.585 0.568 0.464 0.907 3.61 E-02 7.80E-02 9.24E-02 9.80E-04 7.61 E-04 6.11 E-03 7.30E-03 5.62E-03 2.28E-02 2.56E-02 4.75E-03 1.84E-02 -1.497
269 140 0.6 2.567 0.649 0.501 0.881 3.34E-02 6.94E-02 7.15E-02 5.57E-04 5.41 E-04 3.90 E-03 2.96E-03 4.06E-03 1.72E-02 6.02E-03 4.65E-03 1.59E-02 -1.450
270 140 0.7 2.659 0.732 0.529 0.828 2.79E-02 6.05E-02 7.03E-02 6.93E-04 7.32E-04 2.95E-03 2.85E-03 2.99E-03 1.32E-02 7.04E-03 3.76E-03 1.69E-02 -1.226
271 160 0.3 2.708 0.297 0.203 0.380 1.46E-02 3.10E-02 4.32E-02 2.56E-04 2.12E-04 2.37E-04 1.83E-03 1 07E-03 1.02E-03 7.05E-03 1.76E-03 8.22E-04 -0.398
272 160 0.4 2.680 0.436 0.325 0.664 2.02E-02 4.66E-02 7.45 E-02 6.94E-04 4.64E-04 6.48E-04 4.98E-03 2.12E-03 2.39E-03 1.92E-02 2.68E-03 4.94E-03 -0.661
273 160 0.5 2.622 0.556 0.438 0.860 1,90 E-02 4.48E-02 6.00 E-02 6.55E-04 4.54E-04 1.05 E-03 5.05 E-03 2.49E-03 4.41 E-03 1.51 E-02 2.55E-03 7.50E-03 -0.830
274 160 0.6 2.623 0.623 0.481 0.813 1.94E-02 4.46E-02 5.93E-02 3.59E-04 4.21 E-04 1.05E-03 2.17E-03 1.88E-03 6.31 E-03 4.20E-03 2.34E-03 1.17E-02 -0.862
275 160 0.7 2.697 0.728 0.511 0.814 2.21 E-02 4.89E-02 5.66E-02 6.34E-04 7.12E-04 1.10E-03 2.76E-03 3.18E-03 5.40 E-03 7.99E-03 3.69E-03 4.14E-03 -0.888
276 80 0.3 2.537 0.469 0.403 0.964 1.33E-02 2.98E-02 8.32E-02 3.36E-04 1.64E-04 2.05E-04 9.49 E-04 1.13E-03 7.67E-04 6.69E-03 8.14E-04 9.94E-04 -0.683
277 80 0.4 2.438 0.578 0.489 1.070 2.54E-02 4.24E-02 7.97 E-02 5.84E-04 7.11 E-04 1.80E-03 2.62E-03 3.01 E-03 3.41 E-03 1.43E-02 4.37E-03 5.53E-03 -1.475
278 80 0.5 2.270 0.583 0.574 0.879 2.67 E-02 7.46 E-02 1.04E-01 2.42E-03 8.88E-04 6.40E-04 1.89E-02 1.01 E-02 2.06E-03 5.20E-02 6.89E-03 2.05E-03 -1.268
279 80 0.6 2.268 0.698 0.680 0.929 2.74E-02 7.38E-02 1.11E-01 2.42E-03 8.41 E-04 5.60E-04 1.90E-02 9.35E-03 2.13E-03 6.31 E-02 8.47 E-03 2.67E-03 -1.242
280 80 0.7 2.181 0.793 0.799 1.001 2.18E-02 4.96E-02 7.36E-02 8.47E-04 4.54E-04 3.74E-04 5.21 E-03 3.63E-03 1.46E-03 1.81 E-02 6.61 E-03 1.64E-03 -1.072
281 100 0.3 2.536 0.349 0.319 0.534 1.41 E-02 2.75E-02 4.03E-02 3.44E-04 1.83E-04 1.50E-04 1.72E-03 7.85E-04 4.77E-04 7.49E-03 7.23E-04 8.14E-04 -0.646
282 100 0.4 2.509 0.454 0.409 0.663 1.30E-02 3.16E-02 4.54E-02 3.09E-04 1.70E-04 2.02E-04 1.75E-03 7.11 E-04 9.78E-04 5.51 E-03 7.21 E-04 1.05E-03 -0.718H É#« mmmmmmÜ i Ü Ë i i l t ¡1 « m$mm ËbÈmm mmmm mmmmmmmm mmmm wÊmm MmmmÜ l Ü I S i
284 100 0.6 2.444 0.668 0.628 0.816 2.39E-02 6.27E-02 9.04E-02 1.14E-03 9.17E-04 6.03E-04 1.06E-02 7.86E-03 2.71 E-03 3.65E-02 4.58E-03 3.28E-03 -1.126
285 100 0.7 2.401 0.771 0.754 0.916 2.63E-02 6.19E-02 7.48E-02 9.84E-04 6.81 E-04 1.46 E-03 7.83E-03 4.45E-03 5.41 E-03 2.00E-02 4.98E-03 5.50E-03 -1.196
286 120 0.3 2.557 0.279 0.291 0.387 8.38E-03 1.32E-02 1.64E-02 5.51 E-05 9.79E-05 8.74E-05 2.24E-04 3.25E-04 1.80E-04 3.17E-04 4.43E-04 1.31 E-04 -0.453
287 120 0.4 2.562 0.372 0.390 0.480 9.98E-03 2.25E-02 3.01 E-02 1.33E-04 1.29E-04 1.01 E-04 1.24E-03 5.22E-04 3.26E-04 2.51 E-03 7.51 E-04 2.85E-04 -0.484
288 120 0.5 2.630 0.557 0.463 0.750 1.77E-02 4.17E-02 6.01 E-02 7.21 E-04 3.19E-04 4.30E-04 5.60E-03 1.15E-03 1.77 E-03 1.40E-02 1.82E-03 1.75E-03 -0.681
289 120 0.6 2.604 0.680 0.584 0.800 2.96 E-02 7.42E-02 1.30E-01 3.11E-03 7.43E-04 8.26E-04 2.35E-02 4.82E-03 3.52E-03 9.67E-02 4.36E-03 4.50E-03 -0.954
290 120 0.7 2.558 0.720 0.642 0.730 2.84E-02 6.87E-02 9.43E-02 1.43E-03 7.37E-04 2.32E-03 1.12E-02 4.06E-03 1.15E-02 3.10E-02 3.68E-03 1.67E-02 -1.103
291 140 0.3 2.673 0.332 0.305 0.463 1.57E-02 3.39E-02 5.29E-02 5.13E-04 2.87E-04 1.99E-04 2.68E-03 1.47 E-03 8.84E-04 1.22 E-02 1.42 E-03 9.00E-04 -0.527
292 140 0.4 2.684 0.437 0.378 0.589 1.77E-02 4.28E-02 6.83E-02 6.17E-04 2.54E-04 3.13E-04 4.00E-03 1.42E-03 1.12E-03 1.42E-02 1.81 E-03 1.25E-03 -0.592
293 140 0,5 2.653 0.560 0.487 0.723 2.75E-02 7.09 E-02 1.09E-01 2.52E-03 7.43E-04 7.83E-04 2.02E-02 5.22E-03 2.60E-03 5.79E-02 3.19E-03 4.12E-03 -0.842
294 140 0.6 2.64C 0.669 0.572 0.751 2.39 E-02 5.86E-02 1.09E-01 1.30E-03 6.28E-04 6.03E-04 1.17E-02 3.93E-03 2.56E-03 3.56E-02 3.65E-03 3.05E-03 -0.799
295 140 0.7 2.634 0.761 0.633 0.745 3.47E-02 7.22E-02 1.07E-01 1.88E-03 1.41 E-03 1.34E-03 1.23 E-02 7.45E-03 6.73E-03 4.28E-02 8.26E-03 6.69E-03 -1.006
296 160 0.3 2.703 0.323 0.299 0.418 1.40E-02 2.81 E-02 4.74E-02 3.67E-04 3.02E-04 1.47E-04 2.00E-03 1.64E-03 4.29E-04 8.75E-03 2.13E-03 7.98E-04 -0.517
297 160 0.4 2.714 0.431 0.368 0.528 1.86E-02 4.29E-02 7.23E-02 7.03E-04 4.03E-04 3.71 E-04 3.98E-03 2.69E-03 1.32E-03 1.98E-02 3.11 E-03 1.50E-03 -0.530
298 160 0.5 2.696 0.548 0.477 0.683 2.76E-02 6.71 E-02 1.21E-01 1.94E-03 6.38E-04 8.20E-04 1.15E-02 5.09E-03 2.67E-03 5.00E-02 4.90E-03 6.78E-03 -0.841
299 160 0.6 2.672 0.653 0.564 0.679 2.53E-02 6.07E-02 9.27E-02 1.28E-03 8.81 E-04 1.09E-03 1.03E-02 6.29E-03 3.67E-03 2.01 E-02 5.84E-03 5.19E-03 -0.848
300 160 0.7 2.669 0.714 0.619 0.637 2.69E-02 6.79E-02 7.28E-02 9.96E-04 1.42E-03 9.61 E-04 8.24E-03 8.39E-03 5.88E-03 1.46E-02 8.05E-03 2.85E-03 -0.956
267
No 1 st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz KT
mm
FW
mm
CW  A 
mm‘
263 0.781 -0.447 -1.574 1.100 -0.519 -1.448 0.822 -0.373 0.389 0.056 2.849
264 1.008 -0.569 -1.467 1.025 -0.554 -1.391 0.790 -0.397 0.389 0.056 2.849
265 0.837 -0.498 -1.290 0.753 -0.459 -1.376 0.752 -0.374 0.389 0.056 2.849
266 -0.089 -0.251 -0.729 0.018 -0.280 -0.824 -0.178 0.005 0.389 0.056 2.849
267 0.719 -0.500 -1.119 0.605 -0.478 -1.250 0.872 -0.619 0.389 0.056 2.849
268 1.159 -0.661 -1.483 1.128 -0.639 -1.307 0.777 -0.468 0.389 0.056 2.849
269 1.108 -0.658 -1.462 1.159 -0.693 -1.220 0.719 -0.497 0.389 0.056 2.849
270 0.749 -0.522 -1.205 0.767 -0.558 -1.141 0.655 -0.512 0.389 0.056 2.849
271 -0.268 -0.333 -0.495 -0.235 -0.262 -0.624 -0.504 0.132 0.389 0.056 2.849
272 -0.029 -0.309 -0.690 0.024 -0.328 -0.774 -0.147 -0.077 0.389 0.056 2.849
273 0.115 -0.284 -0.884 0.325 -0.438 -0.842 0.116 -0.272 0.389 0.056 2,849
274 0.241 -0.379 -0.983 0.569 -0.584 -0.891 0.378 -0.485 0.389 0.056 2.849
275 0.180 -0.292 -0.851 0.203 -0.349 -0.752 -0.171 -0.075 0.389 0.056 2.849
276 -0.024 -0.293 -0.884 0.212 -0.327 -0.953 0.003 -0.050 0.437 0.066 2.890
277 1.101 -0.626 -1.353 0.903 -0.548 -1.543 1.156 -0.613 0.437 0.066 2.890
278 0.507 -0.239 -1.540 0.877 -0.335 -1.417 0.487 -0.068 0.437 0.066 2.890
279 0.409 -0.166 -1.451 0.622 -0.168 -1.639 0.781 -0.140 0.437 0.066 2.890
280 0.259 -0.186 -1.121 0.221 -0.099 -1.484 0.571 -0.086 0.437 0.066 2.890
281 -0.107 -0.246 -0.781 0.025 -0.243 -0.827 -0.225 0.053 0.437 0.066 2.890
282 0.016 -0.298 -0.822 0.233 -0.409 -0.820 -0.092 -0.088 0.437 0.066 2.890
M m ...wm mmmm m i i i i mmmmmmS l w m m m
284 0.367 -0.240 -1.314 0.587 -0.271 -1.325 0.451 -0.124 0.437 0.066 2.890
285 0.575 -0.379 -1.082 0.333 -0.249 -1.283 0.525 -0.241 0.437 0.066 2.890
286 -0.274 -0.272 -0.691 -0.071 -0.237 -0.434 -0.473 -0.093 0.437 0.066 2.890
287 -0.286 -0.230 -0.781 0.005 -0.224 -0.566 -0.482 0.049 0.437 0.066 2.890
288 -0.035 -0.284 -0.774 0.158 -0.383 -0.724 -0.363 0.089 0.437 0.066 2.890
289 0.176 -0.221 -1.031 0.271 -0.237 -1.167 0.106 0.065 0.437 0.066 2.890
290 0.576 -0.473 -1.083 0.599 -0.514 -1.124 0.581 -0.454 0.437 0.066 2.890
291 -0.227 -0.245 -0.673 -0.146 -0.178 -0.757 -0.350 0.109 0.437 0.066 2.890
292 -0.135 -0.272 -0.662 -0.035 -0.300 -0.722 -0.291 0.015 0.437 0.066 2.890
293 0.064 -0.222 -0.934 0.182 -0.245 -0.926 -0.107 0.036 0.437 0.066 2.890
294 0.033 -0.234 -0.944 0.256 -0.310 -0.858 -0.173 0.033 0.437 0.066 2.890
295 0.284 -0.277 -1.070 0.444 -0.370 -0.964 0.006 -0.038 0.437 0.066 2.890
296 -0.253 -0.229 -0.862 -0.012 -0.123 -0.693 -0.449 0.145 0.437 0.066 2.890
297 -0.232 -0.238 -0.635 -0.194 -0.167 -0.732 -0.395 0.131 0.437 0.066 2.890
298 0.101 -0.260 -0.884 0.122 -0.234 -1.010 0.058 -0.043 0.437 0.066 2.890
299 0.107 -0.259 -0.946 0.228 -0.279 -0.787 -0.282 0.073 0.437 0.066 2.890
300 0.253 -0.296 -1.034 0.384 -0.347 -0.807 -0.243 0.054 0.437 0.066 2.890
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No 1Vel 1
tn/mlnl
Feedl
mm/roJ
AErms
V
Fx
kN
Fy
kN
Fz
kN
Std Fx Std Fy Std Fz SpecL Fx SpecL Fy SpecL Fz SpecM Fx SpecM Fy SpecM Fz SpecH Fx SpecH Fy SpecH F i 1st AR Fx
301 80 0.3 2.333 0.388 0.368 0.683 1.85E-02 3.75E-02 6.91 E-02 1.07E-03 3.84E-04 2.61 E-04 2.32E-03 3.46E-03 7.38E-04 1.84E-02 2.25E-03 1.91 E-03 -1.024
302 80 0.4 1.836 0.512 0.572 0.930 2.21 E-02 5.38 E-02 8.75E-02 1.04E-03 7.20E-04 3.39E-04 9.50E-03 6.68E-03 9.65E-04 3.52E-02 3.40E-03 2.02E-03 -1.234
SI S i m m m l i s ÜÜ flPP 1m m m m m m m ■ ■ M M fg m m m m m m mmsm mmm
304 80 0.6 1.962 0.706 0.816 0.999 2.21 E-02 5.28 E-02 9.90 E-02 Î.64E-03 3.82E-04 2.95E-04 9.07E-03 3.17 E-03 1.30E-03 4.77E-02 5.98E-03 1.43E-03 -1.123
305 80 0.7 1.947 0.770 0.845 0.903 2.06 E-02 5.17E-02 8.98E-02 1.08 E-03 4.88E-04 4.16E-04 7.58E-03 2.86E-03 2.08E-03 3.86E-02 4.42E-03 2.10E-03 -1.200
306 100 0.3 2.268 0.342 0.325 0.541 1.34E-02 2.43E-02 4.69E-02 5.57E-04 1.30E-04 1.27E-04 1.79E-03 4.79E-04 4.78E-04 9.14E-03 7.31 E-04 6.81 E-04 -0.659
307 100 0.4 2.208 0.469 0.480 0.767 1.95E-02 4.22E-02 7.93E-02 7.26E-04 3.59E-04 4.22E-04 5.14E-03 2.32E-03 1.38E-03 2.50E-02 1.53E-03 3.17E-03 -1.015
308 100 0.5 2.156 0.609 0.698 1.022 1.95E-02 5.86E-02 7.36E-02 1.04E-03 6.98E-04 4.45E-04 1.09E-02 7.15E-03 1.97E-03 2.31 E-02 4.10E-03 2.56E-03 -1.118
309 100 0.6 2.211 0.679 0.751 0.922 2.11 E-02 5.23E-02 7.18E-02 6.84E-04 5.30E-04 1.00E-03 6.03E-03 4.42E-03 3.34E-03 2.02E-02 3.53E-03 3.67E-03 -1.272
310 100 0.7 2.205 0.748 0.796 0.841 2.21 E-02 5.25E-02 5.50E-02 5.63E-04 4.93E-04 1.82E-03 4.67E-03 3. 48E-03 7.44E-03 7.53E-03 2.89E-03 6.43E-03 -1.376
311 120 0.3 2.444 0.363 0.325 0.583 1.51 E-02 2.76E-02 6.11 E-02 6.95E-04 1.85E-04 2.20E-04 1.90E-03 6.78E-04 1.15E-03 1.81 E-02 1.30E-03 1.42E-03 -0.703
312 120 0.4 2.495 0.520 0.483 0.917 3.08E-02 7.08E-02 1.34E-01 2.69E-03 9.83E-04 1.28E-03 1.52E-02 9.48 E-03 3.45E-03 7.98E-02 4.99E-03 6.29E-03 -1.242’
313 120 0.5 2.436 0.642 0.609 1.019 4.45E-02 1.15E-01 1.75E-Û1 5.95E-03 3.12E-03 1.93E-03 3.89E-02 3.00E-02 6.41 E-03 1.18E-01 2.53E-02 1.20E-02 -1.381I1M 1» !f Ü Ü SRUmm ■ H 1» ! 1mam « m y. m 9 «H1 Í2I r 69E-Ô3 immmÜ É
315 120 0.7 2.367 0.788 0.751 0.872 3.04E-02 7.25E-02 9.77E-02 1.54E-03 8.22E-04 1.01 E-03 1.14E-02 6.61 E-03 5.13E-03 3.96E-02 6.17Ë-03 6.35E-03 -1.293
316 140 0.3 2.611 0.340 0.309 0.520 2.46E-02 4.82E-02 8.89E-02 1.09E-03 6.63E-04 1.28E-03 4.18E-03 4.65E-03 3.69E-03 2.30E-02 3.89E-03 1.09E-02 -0.839
317 140 0.4 2.588 0.447 0.399 0.642 3.13E-02 6.06E-02 1.26E-01 2.36E-03 1.04E-03 1.43E-03 9.42E-03 7.10E-03 3.85E-03 6.53E-02 6.08E-03 1.14E-02 -1.016
318 140 0.5 2.533 0.519 0.554 0.659 2.64E-02 6.78E-02 9.23E-02 1.04E-03 7.35E-04 1.02 F -03 9.30E-03 4.56E-03 4.33E-03 2.21 E-02 6.68E-03 7.53E-03 -0.881
319 140 0.6 2.452 0.645 0.707 0.771 2.85E-02 8.00E-02 8.84E-02 1.11E-03 1.33E-03 1.22E-03 1.15E-02 1.12E-02 6.70E-03 2.15E-02 5.85E-03 6.85E-03 -1.064
320 140 0.7 2.497 0.748 0.777 0.772 3.49E-02 8.78E-02 1.01 E-01 2.02E-03 1.34E-03 1.90E-03 1.55E-02 1.07E-02 8.24E-03 3.09E-02 6.52E-03 1.28E-02 -1.127
321 — ■ . 160 0.3 2.582 0.312 0.284 0.448 2.58E-02 4.61 E-02 9.08E-02 1.05E-03 5.24E-04 8.04E-04 3.31 E-03 2.86E-03 2.59E-03 2.69E-02 3.14E-03 7.23E-03 -0.701
322 160 0.4 2.637 0.442 0.372 0.612 2.64E-02 5.54E-02 1.11 E-01 1.29E-03 5.56E-04 1.16E-03 6.51 E-03 3.21 E-03 3.08E-03 4.71 E-02 3.42E-03 7.94E-03 -0.880
323 160 0.5 2.647 0.558 0.517 0.724 3.52Ë-02 8.20E-02 1.22E-01 1.85E-03 1.62E-03 2.53E-03 1.51 E-02 1.38E-02 7.49E-03 5.31 E-02 1.09E-02 1.96E-02 -1,022
324 160 0.6 2.584 0.651 0.629 0.713 3.08E-02 7.84E-02 9.56E-02 1.66E-03 1.71E-03 1.24E-03 1.38E-02 9.67E-03 6.96E-03 3.15E-02 7.42E-03 6.84E-03 -1.029
325 160 0.7 2.662 0.777 0.724 0.845 2.99E-02 7.68E-02 9.80 E-02 1.87E-03 1.19E-03 2.07E-03 1.42 E-02 8.26E-03 9.51 E-03 4.43E-02 6.58E-03 1.21 E-02 -0.999
269
No 11st AR Fy 1st AR Fz 2nd AR Fx 2nd AR Fy 2nd AR Fz 3rd AR Fx 3rd AR Fy 3rd AR Fz KT
mm
FW
mm
CW  A 
mm'
301 0.229 -0.204 -1.287 0.526 -0.236 -1.382 0.697 -0.314 0.475 0.078 2.930
302 0.415 -0.180 -1.547 0.797 -0.248 -1.568 0.807 -0.238 0.475 0.078 2.930
¡ SmmM Ê B m WÊÊmmm mmmä i i l i i Ä wmm& m m m m m m
304 0.273 -0.150 -1.370 0.589 -0.218 -1.813 1.043 -0.229 0.475 0.078 2.930
305 0.479 -0.279 -1.390 0.761 -0.370 -1.743 1.017 -0.272 0.475 0.078 2.930
306 -0.088 -0.252 -0.710 -0.028 -0.261 -0.844 -0.210 0.055 0.475 0.078 2.930
307 0.287 -0.271 -1.115 0.454 -0.338 -1.167 0.462 -0.294 0.475 0.078 2.930
308 0.357 -0.239 -1.435 0.768 -0.332 -1.294 0.473 -0.178 0.475 0.078 2.930
309 0.678 -0.405 -1.333 0.679 -0.344 -1.438 0.766 -0.327 0.475 0.078 2.930
310 0.923 -0.546 -1.378 0.893 -0.514 -1.411 0.947 -0.535 0.475 0.078 2.930
311 -0.013 -0.283 -0.755 0.122 -0.365 -0.924 -0.017 -0.058 0.475 0.078 2.930
312 0.615 -0.372 -1.279 0.569 -0.285 -1.459 0.777 -0.316 0.475 0.078 2.930
313 0.690 -0.308 -1.488 0.728 -0.233 -1.559 0.839 -0.277 0.475 0.078 2.930
¡ i m ■ H “0399 “1 493 0 9 3 4 “0438 ■IMI lllllü! liilfc !  mm
315 0.713 -0.419 -1.221 0.538 -0.315 -1.429 0.734 -0.302 0.475 0.078 2.930
316 0.083 -0.243 -0.881 0.122 -0.234 -1.046 0.228 -0.176 0.475 0.078 2.930
317 0.302 -0.284 -1.052 0.328 -0.270 -1.191 0.449 -0.253 0.475 0.078 2.930
318 0.140 -0.258 -1.070 0.408 -0.336 -1.053 0.233 -0.176 0.475 0.078 2.930
319 0.371 -0.307 -1.163 0.542 -0.376 -1.058 0.328 -0.267 0.475 0.078 2.930
320 0.452 -0.325 -1.022 0.231 -0.206 -1.193 0.538 -0.342 0.475 0.078 2.930
321 -0.088 -0.209 -0.637 -0.195 -0.160 -0.987 0.060 -0.064 0.475 0.078 2.930
322 0.113 -0.231 -0.873 0.115 -0.235 -1.089 0.272 -0.177 0.475 0.078 2.930
323 0.337 -0.314 -1.124 0.429 -0.298 -1.078 0.317 -0.232 0.475 0.078 2.930
324 0.31 E -0.284 -1.134 0.498 -0.360 -0.921 -0.041 -0.034 0.475 0.078 2.930
32E 0.32E -0.32S -1.02C 0.467 -0.445 -1.069 0.298 -0.225 0.475 0.078 2.930
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